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There’s Plenty of Room at the Bottom
Richard P. Feynman

1 Introduction

T his work contributes to understand the assembly of molecules on non-
conductive substrate surfaces and to develop strategies to control the

molecular ordering.
Through an eligible formation and ordering of molecules at surfaces, ma-
terials with novel properties and functions can be created.1,2 A very ap-
pealing motivation is to adopt molecules as building blocks for molecular
electronics for further miniaturization of electronic devices, as conven-
tional, silicon-based manufacturing techniques have reached their resolu-
tion limit.2,3

To create functional structures on surfaces, two different approaches
are open to explore.1 The top-down approach is a well established and
widely used technique to create structures at the nanometer scale, e.g.,
by lithography methods. However, top-down methods need an external
control to direct the assembly. This limits the complexity and size of pro-
ducible structures. In contrast, the bottom-up approach allows for more
complex and smaller structures to be formed. The most direct bottom-
up method is to build structures molecule-by-molecule. Thereto, a small
tip at the nanometer scale is used to move particles on the surface.4–6

However, employing this technique, the
assembly of large structures is elaborate
and time-consuming. Thus, instead of
manually building the structures, a more
practical bottom-up strategy is to exploit the intermolecular interactions
and let the molecules autonomously assemble themselves. Utilizing this so-
called molecular self-assembly,7,8 manifold and complex structures have
been fabricated on various surfaces, mainly metal substrate surfaces.9

However, for the application of self-assembled structures, e.g., in molecular
electronics, an insulating substrate surface is necessary. To investigate the
ordering of molecules on insulating substrate surfaces in real space, non-
contact atomic force microscopy (NC-AFM)10,11 is the method of choice.
NC-AFM images the surface force field and allows for high-resolution imag-
ing at the subnanometer scale.
Thereto, within this thesis, NC-AFM was facilitated to investigate self-

assembled molecular structures on insulating substrate surfaces. Both, sub-
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1 Introduction

strate preparation and molecule deposition, took place under a contamin-
ation-free environment (ultra-high vacuum, UHV).
The self-assembly of C60 molecules on two surfaces was explored. First,

C60 molecules were investigated on the TiO2 (110) surface. This surface
exhibits parallel running troughs at the nanometer scale, which strongly
steer the assembly of the molecules. This is in contrast to the second in-
vestigated surface. The CaF2 (111) surface is atomically flat and the molec-
ular assembly was observed to be far less affected by the surface. On this
particular surface, molecular diffusion and island formation was quantita-
tively and qualitatively investigated at various temperatures. Compared to
molecular self-assembly on metal surfaces, distinctly different island shapes
were observed. This qualitative difference can be understood by an in-
creased ability of the molecules to dewet from the insulating surface. Based
on experimental evidences and theoretical considerations, a comprehen-
sive picture of the processes responsible for the island formation of C60

molecules on this insulating surfaces was developed. This allows to fur-
ther understand and exploit self-assembly techniques in structure fabrica-
tion on insulating substrate surfaces. To alter island formation and island
structure, C60 molecules were codeposited with second molecule species
(PTCDI and SubPc) on the CaF2 (111) surface. Depending on the order of
deposition, quiet different structures were observed to arise. Codeposi-
tion has not been investigated on insulating substrates yet. Thus, these are
the first steps towards more complex functional arrangements consisting
of two molecule species on insulating surfaces.
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2 Non-contact atomic force
microscopy

Contents
2.1 Working principle . . . . . . . . . . . . . . . . . . 4

2.2 Forces between tip and sample . . . . . . . . . . 6

Long-range forces . . . . . . . . . . . . . . . . . . . . 6

Short-range forces . . . . . . . . . . . . . . . . . . . . 6

Total force . . . . . . . . . . . . . . . . . . . . . . . . 7

N on-contact atomic force microscopy (NC-AFM) is a comparatively
new, non-destructive surface analysis tool.10,11 The surface is scanned

by a small tip, which probes the forces acting between the tip and the sur-
face at every sampling point. This measurement is performed with a flexible
cantilever with a small tip at the very end, which is excited to oscillate at its
resonance frequency. In close proximity to the surface, the interaction be-
tween tip and surface changes the resonance frequency. In the frequency
modulation mode, which will be exclusively discussed here, this shift in
resonance frequency is the main measurement parameter, reflecting tip-
sample forces. It is important to note that the surface force field does not
necessarily correspond to the atomic surface topography. Unlike scanning
tunneling microscopy (STM), NC-AFM is not limited to conductive surfaces
and can, therefore, be applied to almost every surface. However, achieving
atomic resolution with NC-AFM is rather demanding with respect to both,
environment (usually ultra-high vacuum) and materials (i.e. cantilevers). In
contrast, using STM atomic resolution is usually easily obtained even under
ambient conditions.
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2 Non-contact atomic force microscopy

Figure 2.1: Working prin-
cipal of NC-AFM in the fre-
quency modulation mode.

Figure 2.2: In the fre-
quency modulation mode
the current resonance fre-
quency is shifted (frequency
shift), depending on the sur-
face force field. The ampli-
tude of the cantilever’s os-
cillation is kept constant, ac-
complished by a feedback
loop.

2.1 Working principle

For NC-AFM, a silicon cantilever is mounted with one end to a piezo crystal
and excited to oscillate at its resonance frequency with a constant ampli-
tude (Fig. 2.1).
At the free end, a small etched tip is located. This tip points towards the

substrate and probes the surface force field. The tip scans over the sur-
face in close proximity, with the cantilever’s resonance frequency changing
according to the substrate force field, due to the interaction between the
tip and surface (Fig. 2.2). The difference between the resonance frequency
of the free oscillating cantilever f0 and the current resonance frequency
over a sampling point is referred to as frequency shift, with the abbreviation
df. In the frequency modulation mode, this shift in resonance frequency is
the main measurement parameter in NC-AFM.11 In Fig. 2.2 the change in
the momentary resonance frequency over a corrugated surface force field
is shown. At the protrusion the resonance frequency is lowered by fre-
quency shift dfb < 0 due to stronger attractive interaction between the tip
and the surface. On both sites of the protrusion, the resonance frequency
is only lowered by a frequency shift 0 > dfa > dfb due to a less attractive
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2.1 Working principle

Figure 2.3: The two differ-
ent modes in NC-AFM. In
constant-height mode (left),
the distance between tip and
surface is not regulated by
the distance feedback loop.
Therefore, no contrast ap-
pears in the z-channel, but
in the df-channel. In con-
stant frequency shift mode
(right), the distance feed-
back regulates the distance
between tip and sample in a
way that the measured fre-
quency shift is kept constant
at the df setpoint. Conse-
quently, no contrast appears
in the df-channel, but in the
z-channel.

interaction. In this way, the surface force field is visualized. More details
on the evolution of the frequency shift can be found in Refs. 12,13.
For the detection of the frequency shift, a laser points towards the end

of the cantilever and is reflected to a photosensitive diode.14,15 This pho-
tosensitive diode is usually divided into four quadrants. Vertical deflections
of the cantilever can be obtained from the combination ((A+ B) − (C+D)) /
((A + B) + (C + D)) of the quadrant signals. The signal is forwarded to a
phase-locked-loop (PLL) detector, which produces a voltage proportional
to the difference of the frequency of the incoming signal (which is the cur-
rent cantilever oscillation) and the frequency of the free oscillation, this is
the frequency shift df. The signal from the photosensitive diode is also used
for the amplitude control. A feedback loop unit assures that the cantilever
always oscillates with a constant amplitude. The frequency shift is used as
control variable for the distance loop. Operating in constant-df mode, the
distance loop regulates the tip surface distance through a feedback loop
unit with proportional and integral gain, keeping the frequency shift con-
stant. Therefore, all information about the surface force field is stored in
the topographic channel (Fig. 2.3).
True constant-df mode imaging is basically impossible, since the feed-

back loop is not always able to follow the surface force field immediately.
In the constant-height mode, the distance loop is switched off and the infor-
mation about the surface force field is stored in the df-channel. In a real
measurement, however, usually a combination of both modes is at work.
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2 Non-contact atomic force microscopy

2.2 Forces between tip and sample

The changes in resonance frequency are caused by the interaction between
the tip and sample. The interactions can be roughly divided in short- and
long-range forces. The goal of NC-AFM is to measure the short-range
forces, as those allow for atomic resolution imaging.

Long-range forces

Van-der-Waals forces belong to the class of long-range forces. They are
due to an electrostatic interaction of permanent and induced dipole mo-
ments in the tip and sample. If a temporary dipole moment is formed,
this dipole moment can induce further dipoles and interacts with them.
Van-der-Waals forces are always attractive under vacuum conditions. The
interaction potential between two fluctuating dipoles falls with z−6.16–18

Another long-range force is the electrostatic interaction. Electrostatic
interaction between the tip and sample can be due to trapped substrate
charges or, in general, due to a charged surface or tip. The electrostatic
potential is proportional to z−1. If tip and sample possess metallic charac-
ter and are electronically connected, also the difference in the work func-
tions (contact potential difference) contributes to the electrostatic forces.
This effect, which is comparable to a capacitor, can be compensated using
an appropriate bias voltage applied between tip and sample.19 This is also
applicable to insulators, but here macroscopic surface charges are com-
pensated by the applied bias voltage. The tip geometry has also a great
influence on the long-range forces and more adequate, but complex inter-
action terms can be found in Ref. 20. Furthermore, magnetic and capillary
forces are of long-range character, but are not discussed here as they have
no relevance for the present thesis.

Short-range forces

Short-range chemical forces are due to an overlap of electron orbitals of tip
and surface atoms. They can be either attractive or repulsive, depending
on the distance between tip and sample. For large separations, no chemical
interaction exist, since the electron orbitals do not overlap. With decreas-
ing distance the electron orbitals begin to overlap and an attractive force
acts due to an energy gain from filling the bonding molecular orbitals. If
the orbitals overlap even more with decreasing distance, the force gets
repulsive due to Pauli repulsion from the Pauli exclusion principle.
Moreover, short-range forces can be of electrostatic nature. The short-

range electrostatic forces strongly depend on the ionic tip termination at
the very end of the tip. Thus, for an eligible tip, the contrast can be ruled
by the microscopic electrostatic interactions, as interpreted e.g. for the
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2.2 Forces between tip and sample

contrast formation on the TiO2 (110) (Sec. 5.1) and CaF2 (111) (Sec. 5.2)
surface. Thus, different tip terminations result in different contrasts on the
very same surface.

Units

[V] = eV

[ε] = eV

[z] = m

[z0] = m

[f0] = Hz

[∆f] = Hz

[k] = Nm−1

[m] = kg

Total force

Both, the long-range and the short-range interactions contribute to the
total force. An approximation for the interaction between two uncharged
atoms, which are not covalently bound, is the Lennard-Jones potential. Dif-
ferent variations of the Lennard-Jones potential exist with respect the
short-range term, but the following equation is the most common form21

V(z) = −ε
[
2
(z0

z

)6
−
(z0

z

)12]
(2.1)

with z0 being the equilibrium distance at the energy ε and z denoting the
tip-to-sample separation. The equilibrium distance z0 is typically about a
few tenth of nanometers. The attractive part ∝ z−6 corresponds to the
long-range Van-der-Waals potential and dominates the total potential at
large distances. The repulsive part ∝ z−12 corresponds to the chemical
interaction and dominates at small distances. Fig. 2.4 shows the combined
total potential, the force and the force gradient.
If the cantilever oscillates in the non-contact regime, it experiences a

force and, therefore, its resonance frequency is shifted due to a change
of the effective potential (harmonic oscillator plus tip-surface interaction
energy) in which the cantilever oscillates. The resonance frequency of the

Figure 2.4: Interaction po-
tential between two un-
charged atoms, which are
not covalently bound, and
its first and second deriva-
tion, corresponding to force
and force gradient. Equilib-
rium distance z0 at the en-
ergy ε (see Lennard-Jones
potential).
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2 Non-contact atomic force microscopy

free oscillating cantilever is given by12

f0 =
1
2π

√
k
m

(2.2)

with k being the spring constant and m being the effective mass of the
cantilever. When the tip interacts with the surface, the spring constant
k in Eqn. 2.2 is substituted by an effective term, which is the sum of the
original spring constant and a force gradient kts = ∂2V/∂z2 equivalent to the
tip-sample interaction. Thus, the shift in the resonance frequency reads12

∆f = f0 − 1
2π

√
k + kts
m

(2.3)

The additional term kts may not be constant for the whole cantilever’s os-
cillation cycle. In particular, the evolution of kts is dependent on the oscilla-
tion amplitude, the tip-sample separation and the particular tip-surface in-
teraction potential. More elaborated considerations will not be presented
here, but can be found in Ref. 12.
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3 Experimental setup

Figure 3.1: (a) Omicron VT
AFM 25 system.22 (b) RHK
UHV 750 system. Both sys-
tem consist of a load lock A⃝,
a preparation chamber B⃝
and a measurement cham-
ber C⃝.

E xperiments are performed under ultra-high vacuum (UHV) conditions,
with a base pressure better than 10−10mbar. The UHV is gener-

ated and maintained with momentum transfer pumps (i.e. turbomolecular
pumps in combination with rotary vane pumps) and entrapment pumps (i.e.
ion pumps, titanium sublimation pumps and sorption pumps). To remove
water and other adsorbed species from the inner walls of the UHV com-
ponents, the system is once baked out at a temperature between 373K
and 423K. Samples and tips are introduced through a load lock into the
UHV system in order to maintain the UHV.
Two different UHV systems (Omicron VT AFM 25 and RHK UHV 750)

are used for the experiments presented within this thesis, both consist-
ing of a preparation chamber and a measurement chamber (Fig. 3.1). To
reduce environmental vibrations, the systems are placed on air-damped
vibrational-isolator legs. Tips and samples introduced into the UHV system
are moved using a linear manipulator in both chambers. The manipulator
can either be cooled by liquid nitrogen flow or heated with an embed-
ded filament. Because samples are in thermal contact to the manipulator,
they can be kept at different temperatures during preparation. For various
treatments of tips and samples in the preparation chamber, the manipulator

9



3 Experimental setup

is positioned in front of the eligible equipment. Using a sputter gun, con-
taminations or surface layers can be removed from tips and surfaces (e.g.
TiO2 in Sec. 5.1) by momentum transfer of accelerated Ar+ ions. Brittle
crystals can be cleaved to generate a clean surface. Thereto, both cham-
bers are equipped with a sharp blade to scratch the side of a well-aligned
crystal until the upper part breaks apart (e.g. CaF2 in Sec. 5.2). Moreover,
samples can be heated to remove surface contaminations or, at higher tem-
peratures, induce a special reconfiguration/reconstruction of the sample’s
surface (e.g. TiO2 and CaF2 in Sec. 5.1 and Sec. 5.2, respectively). Heating
of samples is accomlished either using the embedded heater of the ma-
nipulator or a resistive heating filament in the sample holder. On cleaned
surfaces selected atomic or molecular species can be deposited, e.g. by
sublimation (see Sec. 6.1).
Once tips and samples have been properly treated in the preparation

chamber, they are transferred to the measurement chamber. In this cham-
ber the AFM is situated, which holds a tip and sample for NC-AFM mea-
surements (see Sec. 2). To minimize mechanical vibrations, the AFM is
decoupled from the circumjacent UHV system using eddy current damp-
ing. Samples can also be cooled in the AFM, so that a sample prepared at
low temperatures is continuously cooled.
Both systems are equipped with a phase-locked loop controller for fre-

quency shift detection in the frequency modulation non-contact mode (easy-
PLL Plus (Nanosurf, Liestal, Switzerland) and RHK PLLpro (RHK, Troy,
USA)). For NC-AFM imaging, silicon cantilevers (PPP-NCH Nanosensors,
Neuchâtel, Switzerland) with resonance frequencies of about 300 kHz /
75 kHz and typical quality factors of 30,000 / 100,000 are excited to oscilla-
tions with an amplitude of 10 nm. Tips are Ar+ ion sputtered (1 keV, 5min)
to remove contaminants. In order to minimize long-range electrostatic in-
teractions, an appropriate bias voltage is applied to the tip. The compen-
sating voltage is determined via Kelvin probe force spectroscopy.23 De-
pending on the distance feedback loop settings, either constant frequency
shift (z contrast) or constant height images (df contrast) are taken.24

Device-specific details about the mechanical cooling junctions, the cool-
ing processes itself, the geometrical arrangements of devices and the mod-
ifications on the systems (especially the electronics) can be found in Refs.
25,26 for the Omicron VT AFM 25 system and in Ref. 27 for the RHK UHV
750 system.
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4 Diffusion, nucleation and
growth of molecules on
surfaces

Contents
4.1 Diffusion of single molecules . . . . . . . . . . . 13

4.2 Island densities . . . . . . . . . . . . . . . . . . . 17

4.3 Experiments on island densities . . . . . . . . . 21

Temperature-dependent island densities . . . . . . . . 21

Flux dependent island densities . . . . . . . . . . . . . 21

4.4 Island size distribution . . . . . . . . . . . . . . . 22

Figure 4.1: Processes of
diffusion and nucleation.
Description in the main
text.

I nvestigating the arrangement of molecules on surfaces requires a closerinspection of the diffusion and nucleation processes both in a qualitative
as well as quantitative manner.
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4 Diffusion, nucleation and growth of molecules on surfaces

Figure 4.2: Examples for an
island, layer-plus-island and
layer-by-layer growth, re-
spectively (a), (b) and (c).
Each green-colored bar rep-
resents a single layer.

The processes playing a role for the diffusion, nucleation and growth of
molecules on surfaces are summarized in Fig. 4.1.28,29 Molecules deposited
(e.g. by sublimation from a glass crucible) onto a surface may have the
possibility to desorb again or diffuse on the surface, see (a), (b) and (c),
respectively. If diffusion happens at a sufficient rate on the surface, two or
more molecules can meet at adjacent sites, forming a cluster, e.g. a dimer in
(d). Such clusters can either grow by capture of further molecules (see (e))
or decay by detachment of molecules. The growth is not restricted to two
dimensions, but molecules can be transported to higher layers, resulting
in a three dimensional morphology, like in (f). In general, also dimers and
larger clusters are mobile on the surface, but the mobility decays rapidly
with increasing cluster size. At high coverages, clusters can coalesce.
Three different growth modes can be distinguished at coverages exceed-

ing one monolayer.30 In the island growth mode (so-called Volmer-Weber
growth) the transport of molecules to higher layers is favored, resulting
in rough multi-layer films (Fig. 4.2(a)). This growth mode is often evi-
dent for organic molecules on insulating surfaces, reflecting a much smaller
molecule-substrate interaction in comparison to the intermolecular inter-
action. In contrary, a stronger molecule-substrate interaction favors the
layer-by-layer growth (so-called Frank-van der Merwe growth, Fig. 4.2(c)). Mo-
lecules preferentially attach to surface sites forming complete layers. The
third mode is the layer-plus-island growth (so-called Stranski-Krastanov growth,
Fig. 4.2(b)). It is an intermediary growth process. Initially, up to several
complete layers grow in a layer-by-layer fashion. On top, the molecules
grow in an island mode.

Themorphology and spatial distribution of molecular arrangements is steer-
ed by the experimental conditions (e.g. temperature) as well as intrinsic
properties of the molecule-substrate system (e.g. diffusion barrier). The
challenging task in exploiting molecular self-assembly is to choose the ap-
propriate molecule-substrate system, prepared and isolated under benefi-
cial conditions.
Within this chapter, models are presented, describing the diffusion and

nucleation processes. These models allow for a detailed understanding
of diffusion, nucleation and growth. Suitable experiments are presented,
which allow for determining the model’s parameters. First, the motion of
a single molecule on a surface is analyzed (Sec. 4.1). From the movement
of single molecules, the nucleation and growth processes is conveyed and
quantified by the analysis of island densities (Sec. 4.2 and Sec. 4.3) and island
sizes (Sec. 4.4).
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4.1 Diffusion of single molecules

Figure 4.3: Energy land-
scape of a one-dimensional
surface. Once a molecule
sticks to the surface, it is
bound with Eb. The mo-
lecules can move between
distinct binding sites sepa-
rated by a distance l, if they
overcome a transition state
through, e.g., thermal ac-
tivation. The energy dif-
ference between the bind-
ing state and the transition
state is the diffusion barrier
Ed.

4.1 Diffusion of single molecules

An adsorbed molecule is bound to the surface with an energy Eb (see
Fig. 4.3). It is able to move on the substrate in a random walk by jumping
between adjacent adsorption sites. An adsorption site is a localized min-
imum in the surface energy landscape probed by a molecule (i.e. binding
state).

Units

[ν] = s−1

[ν0] = s−1

[Ed] = eV

[TS] = K

Constants

kB = 8.62 · 10−5 eVK−1

For a single jump between two adsorption sites separated by
a distance l, the molecule has to overcome an energy barrier, which is the
diffusion barrier Ed. Considering a thermally activated jump process, jumps
become more/less frequent with increasing/decreasing substrate temper-
ature TS. In detail, the jump frequency of the molecule (hopping rate) ν is
expected to follow a universal Arrhenius law31–33

ν = ν0e
− Ed

kBTS (4.1)

with Boltzmann constant kB. Thus, the hopping rate is governed by the
ratio of diffusion barrier to temperature. The pre-exponential factor ν0
is referred to as attempt frequency and contains all dynamic information.
The attempt frequency can be depicted as the oscillation frequency of a
molecule at its adsorption site trying to overcome the transition state.
For large molecules the attempt frequency lies in the range from 1010 s−1

to 1014 s−1.34–36

A prerequisite for the applicability of the random walk picture is that the
molecules have sufficient time between two jumps to equilibrate, i.e. the
molecule ’forgets’ where it came from and the subsequent jump is random.
This requirement is fulfilled, if single jumps are rare events compared to
the attempt frequency (ν ≪ ν0).28
After having considered the timescale of jumps in Eqn. 4.1, now, the

spatial motion in the random walk of a single molecule is analyzed. Based

13



4 Diffusion, nucleation and growth of molecules on surfaces

on the line of argumentation as presented in Ref. 37, first the random walk
in one direction is analyzed to subsequently introduce the two dimensional
one.
For the random movement of a single molecule in one dimension the

mean displacement ⟨∆x(t)⟩ is defined by

⟨∆x(t)⟩ ≡ ⟨x(t) − x(0)⟩ = 0 (4.2)

The mean displacement is zero, because a molecule jumps with equal prob-
ability in both directions. However, the square of these displacements will
give a non-zero and positive value, which represents the total squared dis-
tance traveled by the molecule (independent of the direction). The mean
square displacement reads

⟨
∆x(t)2

⟩
≡
⟨

[x(t) − x(0)]2
⟩
= l2xMx(t) (4.3)

where lx is the length of a single jump between two adsorption positions
and Mx(t) is the total number of hopping events till time t. The number of
jumps Mx(t) increases linear with time

Units
[
Mx/y

]
= 1

[
lx/y
]

= m
[
νx/y
]

= s−1

[t] = s

[l] = m

[D] = m2 s−1

Mx(t) = νxt (4.4)

The introduced constant of proportionality νx represents the hopping rate
in one dimension. Using the identity from Eqn. 4.4, Eqn. 4.3 turns into

⟨
∆x(t)2

⟩
= l2xνxt (4.5)

Thus, the mean square displacement increases linear with time. This is
obvious from the fact that the probability of finding a molecule more far
away from the zero-point x(0) increases with the number of jumps, which
is direct proportional to time.
In analogy, for the case of isotropic diffusion in two dimensions the mean

square displacement r(t) = (x(t), y(t)) reads
⟨

|∆r(t)|2
⟩

≡
⟨

|r(t) − r(0)|2
⟩

= l2xνxt + l2yνyt

= l2νt (4.6)

With the square jump length l2 = l2x + l2y and the hopping rate ν = νx = νy

which identity is found in Eqn. 4.1. Now, the tracer diffusion coefficient D is
defined

⟨
|∆r(t)|2

⟩
= 4

1
4
l2ν
︸︷︷︸

D

t (4.7)

The tracer diffusion coefficient D becomes the surface area visited by the
molecule per unit time and therefore reflects the mobility of a molecule
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4.1 Diffusion of single molecules

Figure 4.4: Exemplary
sketch of the hopping rate
ln ν versus the inverse
substrate temperature T−1

S .
The slope defines the diffu-
sion barrier Ed and the axis
intercept at T−1

S → 0 de-
fines the attempt frequency
ν0.

on the surface.38 Besides the tracer diffusion coefficient D also a collective
diffusion coefficient Dc exists. Both are numerically and conceptually distinct
quantities. The tracer diffusion specifies the random walk of single, isolated
molecules. In contrast, the collective diffusion describes an ensemble of
mutually interacting molecules. However, for low coverages, D coincidents
with Dc. The extracted factor of 14 in Eqn. 4.7 is attributed to this fact.

28

Within the present thesis the focus is on the tracer diffusion solely.
The tracer diffusion coefficient D is a central quantity in surface diffu-

sion.37

D =
1
4
l2ν (4.8)

Using Eqn. 4.1, the tracer diffusion coefficient reads

D =
1
4
l2ν0e

− Ed
kBTS (4.9)

In an experiment, the diffusion barrier and the attempt frequency can be de-
termined by counting hopping events ν at various substrate temperatures
TS.39 From Eqn. 4.1 it is apparent that by plotting the hopping rate ln(ν) ver-
sus the inverse temperature T−1

S a linear dependence results. Thus, from
the slope of a linear fit of related experimental data the diffusion barrier is
extracted (see Fig. 4.4)

Ed = kB
∂(ln ν)
∂T−1

S

(4.10)

The axis intercept lim
T−1
S →0

ν determines the attempt frequency

ν0 = lim
T−1
S →0

ν (4.11)

Hence, for very high temperatures fulfilling T−1
S → 0, the hopping rate

becomes equal to the attempt frequency, i.e. each attempt of a molecule
to jump is successful.
Exploiting the hopping model through Eqn. 4.10 and Eqn. 4.11 is a widely

used approach to quantify adsorbate diffusion.39 Using this method, diffu-
sion has been studied extensively for atomic species on metallic surfaces
and results have been reviewed in Ref. 29,37–41. The model does not
immediately apply to the diffusion of molecules. Molecules have inner de-
grees of freedom and can reveal a high asymmetry in structure as well as in
their interaction with the surface. Thus, the diffusion can be highly asym-
metric, e.g. resulting the molecular rows.42 In such cases, the application
of the simple hopping model is restricted. For some organic molecules
on metal surfaces, however, the diffusion parameters were nevertheless
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4 Diffusion, nucleation and growth of molecules on surfaces

determined by direct observation of hopping events.34–36,39,40 These stud-
ies have revealed diffusion barriers for organic molecules on metallic sub-
strates often being considerably larger than 800meV, a barrier height that
allows for monitoring single adsorbate jumps at room temperature.34,36,39

For instance, a value of 1400meV has been found for diffusion of C60 on
Pd(110).35

In general, the diffusion barrier of organic molecules on insulating sur-
faces is much smaller than on metallic surfaces,39,43,44 as evidenced by a
strong clustering of organic molecules on insulating surfaces.45–47 Due to
the small diffusion barrier, monitoring of individual adsorbate jumps is,
therefore, not feasible at room temperature. Moreover, in the case of
small diffusion barriers, a direct observation of single hopping events may
be influenced by the interaction between the imaging tip and molecule, as
observed in STM48–50 and NC-AFM imaging.51–54

To overcome these drawbacks for weak molecule-substrate interac-
tions, an alternative method has been established to determine the pa-
rameters of diffusion from experiment. These method will be presented
and discussed in the following sections.
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4.2 Island densities

4.2 Island densities

As described in the previous section, single molecules can diffuse on sur-
faces through thermal activation. Hence, there is a probability that two dif-
fusing molecules meet at adjacent lattice sites, forming a nucleus stabilized
by intermolecular interactions. Once a nucleus has formed, it can grow fur-
ther by capture of diffusing molecules, thus forming an island. However,
a nucleus or island can also decay by detachment of molecules. Within
this section, these dynamic processes of nucleation and growth will be de-
scribed and addressed in a quantitative manner. This section is based on
Ref. 28 and Ref. 29. The constructed model will be applied to a molecule-
insulator system in Sec. 8.1.
For the following simplified formalism the case of complete condensation

(no desorption from the surface, i.e. the desorption rate R = 0 vanishes) is
assumed. This yields that the total coverage θ increases with the deposition
rate F and is directly proportional to the time t

Units

[θ] = 1

[Ω] = m2

[F] = m−2 s−1

[R] = m−2 s−1

[t] = s

[Γs] = m−2 s−1

[σs] = 1

[D] = m2 s−1

[ns] = m−2

[γs] = s−1

θ = ΩFt (4.12)

Ω is the area of an adsorption site on the surface. Moreover, single mo-
lecules are assumed to be the only mobile species (the mobility of larger
clusters is neglectable small), i.e. dimers and larger clusters are not mo-
bile on the surface but can grow/decay by capture / detachment of single
molecules.
In a first step, the net rates Γs at which clusters of size s+1 emerge from

clusters of size s by capture of a single molecule are under consideration.
The net rates can be written as

Γs = σsDn1ns − γs+1ns+1 (4.13)

The first term constitutes the forming of clusters with size s + 1 from
clusters with size s. It is proportional to the density n1 of single molecules
and the density ns of clusters with size s. The dimensionless capture number
σs expresses the affinity of a cluster with size s to absorb a single molecule.
The diffusion coefficient D accounts to the mobility of single molecules on
the surface and was subject in the previous section (see Eqn. 4.9)
The second term models the decay of clusters with size s + 1 to cluster

with size s and is, therefore, lowering the net rate Γs. It is proportional
to the density ns+1 of clusters with size s + 1. γs+1 is the rate, at which
molecules detach from clusters with size s + 1.
From the net rates Γs the time evolution of the density of single mole-

cules n1 can be written as

dn1
dt

= F − 2Γ1 −
∞∑

s=2

Γs (4.14)
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4 Diffusion, nucleation and growth of molecules on surfaces

Figure 4.5: Competitive
processes during nucleation
on a surface. The arrows
mark the exchange of a sin-
gle molecule. Desorption
of molecules from the sur-
face is excluded in the model
provided in the main text.
The density of stable clus-
ters does not decay within
time, but grows by capture
of further single molecules
from critical clusters.

The density n1 of single molecules grows with the arrival of molecules on
the surface (deposition rate F). It decays by the formation of dimers from
two single molecules (this accounts to two times Γ1) and the capture of
single molecules by larger clusters with sizes s ≥ 2.
For all larger clusters s ≥ 2 the time evolution of cluster densities is

given by

dns
dt

= Γs−1 − Γs (s ≥ 2) (4.15)

The density ns of clusters of size s grows with the net rate Γs−1 and decays
with the net rate Γs.
Basically, Eqn. 4.13, Eqn. 4.14 and Eqn. 4.15 fully describe the nucleation

process. However, the equations contain too many unknown variables.
Hence, further simplifications are necessary. By introducing the critical clus-
ter size i∗, the clusters are classified in stable and unstable ones. All cluster
larger than the critical size s > i∗ are defined as stable. Molecules, once
captured, cannot detach from stable clusters. Thus, the detachment rate
of molecules vanishes for stable clusters, i.e. γs = 0 for s ≥ i∗ + 1. Stable
clusters can only grow, but not shrink in size.
For smaller clusters, i.e. unstable clusters s ≤ i∗, the detachment of

single molecules is assumed to occur sufficiently rapidly to establish a equi-
librium between the different cluster sizes with s ≤ i∗. Thus, Γs vanishes
for 1 ≤ s ≤ i∗ − 1. An overview of the competitive processes, can be seen
in Fig. 4.5.
Note, that the critical cluster size i∗ depends on deposition parameters

(such as flux F and substrate temperature TS during deposition) and is not
an intrinsic constant for the molecule-substrate system.
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4.2 Island densities

The total density N of stable clusters is given by

N =
∞∑

s=i∗+1

ns (4.16)

Using γs = 0 for s ≥ i∗ + 1, the time evolution of N simplifies (see App. A)
to

dN
dt

= σi∗Dn1ni∗ (4.17)

The term σi∗Dn1 corresponds to the average flux of single molecules to
a cluster of size i∗. Moreover, the evolution in the total density of stable
clusters depends on the density ni∗ of cluster at the critical size.

Units

[N] = m−2

[σ̄ ] = 1

[TS] = K

[β] = eV

[Es] = eV

Constants

kB = 8.62 · 10−5 eVK−1

After having conveyed the evolution of cluster of size s ≥ i∗+1, the evo-
lution of the density of single molecules n1 is further simplified. Introducing
the average capture number σ̄

σ̄ =
1
N

∞∑

s=i∗+1

nsσs (4.18)

the evolution of n1 reads (see App. B)

dn1
dt

= F − σi∗Dn1ni∗ − σ̄Dn1N (4.19)

The term σ̄Dn1 relates to the average flux of single molecules to stable
clusters. Hence, the density n1 of single molecules decreases with the
rate of single molecules captured by critical clusters (thus forming a stable
clusters) and the rate of single molecules captured by stable clusters. The
density n1 of single molecules increases with the deposition rate.
Finally, the regime with cluster sizes 2 ≤ s ≤ i∗ has to be analyzed.

As noted before, the net formation rates Γs vanish for these cluster sizes.
This equilibrium is inducing the detailed balance relation (Walton relation)
between the unstable clusters55

Ωns ≈ (Ωn1)s eβEs (4.20)

The term Ωns can be interpreted as the probability that an adsorption
site Ω is occupied by a cluster of size s. This probability is approximately
equal the probability (Ωn1)s of finding s independent single molecules at
adjacent sites (forming a cluster of size s) times a statistical term, depending
on the percentage of the cluster binding energy Es to the temperature
β = 1 / kBTS. The cluster binding energy is the energy which is gained by
forming/dispersing a cluster of size s, i.e. E1 = 0.
Putting these simplifications together, the processes condense from that

sketched in Fig. 4.5 to the ones in Fig. 4.6.
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4 Diffusion, nucleation and growth of molecules on surfaces

Figure 4.6: Simplified
model of the competitive
processes during nucleation
on a surface. The arrows
mark the exchange of a
single molecule.

Combining Eqn. 4.17, Eqn. 4.20 and Eqn. 4.19 brings forth the differential
equation

dN
dt

=
σi∗

σ̄ i∗+1Ωi∗−1
(

F
D

)i∗

FeβEi∗N−(i∗+1) (4.21)

This differential equation is solved (see App. C) by

N̂ ≡ ΩN =
[
(i∗ + 2) σi∗

σ̄ i∗+1θ
] 1

i∗+2

︸ ︷︷ ︸
η(θ,i∗)

(
Ω2 F

D

) i∗
i∗+2

eβ Ei∗
i∗+2 (4.22)

which constitutes the central result of nucleation theory.56–58 An impor-
tant scaling relation is evident in Eqn. 4.22, i.e. the island density per ad-
sorption site N̂ scales with the flux F and the ability of the molecules to
diffuse on the surface D through a scaling exponent i∗

i∗+2

N̂ ~
(

F
D

) i∗
i∗+2

(4.23)

Using Eqn. 4.9, the result from Eqn. 4.22 can be rewritten to

N̂ = η(θ, i∗)
(
4

Ω2F

l2ν0

) i∗
i∗+2

eβ Ei∗+i
∗Ed

i∗+2 (4.24)

Theoretical considerations in Ref. 57 reveal that the prefactor η varies
slowly upon changing the coverage θ and the critical island size i∗. The
prefactor can be approximated to η ≈ 0.25 for low coverages (θ ≈ 0.1)
and small critical island sizes (1 ≤ i∗ ≤ 5).
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4.3 Experiments on island densities

4.3 Experiments on island densities

From Eqn. 4.24 it is evident that the island density for a molecule-substrate
system can be tuned in experiment through two parameters, namely the
flux F and the substrate temperature TS. Thus, analyzing the island den-
sities in experiment at various fluxes and temperatures yields the scaling
exponent, the attempt frequency ν0 and the diffusion barrier Ed.

Figure 4.7: Exemplary
sketch of the island density
ln N̂ versus the substrate
temperature T−1

S . The slope
defines the diffusion barrier
Ed and the axis intercept
at T−1

S → 0 defines the
attempt frequency ν0.

Temperature-dependent island densities

Eqn. 4.24 allows to reveal the diffusion barrier Ed and the attempt fre-
quency ν0 from a temperature-dependent analysis of island densities. In
the first place, this kind of experiment was performed by Bott et al. in Ref.
49. A short outline of this experiment is given in the following. A small
amount of molecules is deposited onto the surface, using a fixed flux F and
coverage θ. During deposition, the substrate temperature TS is held at
a fixed value (typically between room temperature and liquid nitrogen or
liquid helium temperature). After deposition, the sample is quenched to a
temperature, at which diffusion is entirely frozen, and imaged by scanning
probe microscopy. This experiment is carried out for different substrate
temperatures TS. For each experiment, the island density per adsorption
site of the deposited species N̂ is counted and plotted against the substrate
temperature TS at deposition (see Fig. 4.7). From Eqn. 4.24 it is apparent
that the slope ln N̂ versus T−1

S determines the diffusion barrier to

Ed = kB
i∗ + 2
i∗

∂N̂
∂T−1

S

− Ei∗

i∗
(4.25)

and the axis intercept N̂0 = lim
T−1
S →0

N̂ gives the attempt frequency

ν0 = 4F
Ω2

l2

(
η
N̂0

) i∗+2
i∗

(4.26)

Using this approach, the diffusion barrier has been determined for a few
molecular systems on metallic and semi-conducting surfaces.59,60 On in-
sulating surfaces, however, quantitative analysis of molecular diffusion has
been performed very rarely so far.61–63

Flux dependent island densities

Using Eqn. 4.24, the scaling exponent and therefore the critical island size i∗

can be revealed from flux dependent analysis of island densities. In contrast
to the previously described method, the temperature TS is the same for
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4 Diffusion, nucleation and growth of molecules on surfaces

Figure 4.8: Exemplary
sketch of the linear depen-
dence of the island density
ln N̂ on the flux ln F. The
slope defines the critical
island size i∗.

all flux experiments. Instead, the flux F is varied using a fixed coverage θ.
For each experiment, the resulting island density per adsorption site N̂ is
counted and plotted against the flux F (see Fig. 4.8). From Eqn. 4.24 it is
apparent that the slope ln N̂ versus ln F determines the scaling exponent
to

i∗

i∗ + 2
=

∂ ln N̂
∂ ln F

(4.27)

Using this method, the scaling exponent has been determined for some
molecular systems on various surfaces.64–67

Tuning the flux is rather demanding, because the coverage on the sur-
face must be the same for each different flux. Hence, for each flux the
deposition time must be validated to ensure a constant coverage. How-
ever, another method is open to determine the critical island size. This
method is based on the analysis of island size distributions, as described in
the following section.

4.4 Island size distribution

Figure 4.9: Exemplary
sketch of an experimental
island size distribution
compared to theoretical
functions fi∗ (a / A) for
i∗ = 1, 2, 3. The experimen-
tal data is best fitting i∗ = 2
in this case.

Considering the steady state nucleation regime with an island size distribu-
tion na (na denotes the density of islands with size a), the dynamic scaling
hypothesis68–71 states that na scales with the following three parameters:
the coverage θ, the mean island size A and a scaling function fi∗(a / A)

na = θA−2fi∗(a / A) (4.28)

The scaling function depends solely on the critical island size and the ratio
of a / A, but not on the coverage. An empirical function on the basis of
kinetic Monte Carlo simulations has been constructed72

fi∗(a / A) = ci∗(a / A)i∗ exp
(

−i∗bi∗(a / A)1/bi∗
)

(4.29)

where ci∗ and bi∗ are fixed through the normalization conditions
∫ ∞

0
fi∗(a / A)d(a / A) =

∫ ∞

0
(a / A)fi∗(a / A)d(a / A) = 1 (4.30)

To obtain the critical island size from experiment, the island size distribu-
tion na is analyzed for different coverages θ at a fixed temperature TS and
compared to the theoretical island size distributions given by fi∗(a / A) for
different i∗ given by Eq. 4.29. This is exemplary sketched in Fig. 4.9. The
experimental data is plotted together with the theoretical functions fi∗(a/A)
for i∗ = 1, 2, 3. To determine i∗, the particular scaling function is make out,
which best fits the experimental data. In this case i∗ = 2 may be assigned.
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T he assembly of molecule species, which will be presented in Sec. 6, was
explored on two different substrate surfaces within this thesis. These

surfaces are the TiO2 (110) and the CaF2 (111) surface. They were cho-
sen because they present significantly different surface properties, having
rather different influence on the molecular self-assembly.
TiO2 is a covalently bonded crystal and exhibits a reactive (110) surface.

The TiO2 (110) surface shows a rectangular lattice and is corrugated, con-
sisting of troughs running along the surface. Molecules are expected to
show anisotropic assembly in the troughs. On the surface, a high density
of steps and atomic defects is evident, which may act as nucleation sites
and therefore influence the molecular assembly.
In contrast, CaF2 is an ionic crystal and exhibits an inert (111) surface.

The CaF2 (111) surface shows a hexagonal lattice and is atomically flat with
large terraces. Therefore, the assembly of molecules on this surface is
not expected to be templated as strongly as on the corrugated TiO2 (110)
surface. Moreover, the CaF2 (111) surface is free of defects and exhibits
only a low density of step edges. Thus, molecular diffusion is less hindered
than on the TiO2 (110) surface.
Thus, both surfaces show rather different characteristics on the surface

corrugation, the reactivity and the defect density. These mentioned surface
characteristics are decisive for molecular self-assembly. Experiments on
the molecular arrangement on these surfaces will be presented in Sec. 7-
10.
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5 Surfaces

In this section, both surfaces will shortly be introduced. The surface
preparation and properties as well as specific NC-AFM imaging character-
istics will be presented.
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5.1 Rutile TiO2 (110) surface

Figure 5.1: Ballstick
model of the tetragonal
crystal system of rutile
TiO2 with the lattice pa-
rameters a = b = 459 pm
and c = 296 pm and two
different Ti-O bond length
(198 pm und 195 pm). The
(110) plane is sketched.

5.1 Rutile TiO2 (110) surface

Titanium dioxide is one of the most intensively studied oxides, representing
a prototypical system for transition metal oxides. It presents a wide range
of catalytic applications, photocatalytic as well as electrocatalytic.73,74 Tita-
nium dioxide can crystallize in three different modifications, which are rutile,
anatas and brookit. Both the rutile and the anatas form belong to the class
of tetragonal crystals, whereas brookit is an orthorhombic crystal. Rutile
is structurally assigned to the space group P42/mnm of the ditetragonal-
dipyramid crystal class (D4h) with the lattice parameters a = b = 459 pm
and c = 296 pm.75,76 The titanium atoms are surrounded in an octahedral
form by six oxygen atoms. The octahedron is distorted, resulting in two
different Ti-O bonding length (198 pm and 195 pm).75 Every oxygen atom
is planar threefold coordinated and part of three octahedrons (Fig. 5.1).

Preparation and surface properties

Rutile TiO2 samples used in this work are crystals of highest available qual-
ity (MTI, Richmond, USA). The surface is very reactive and thus needs to be
thoroughly cleaned after insertion into the UHV system. Surface contam-
inations are removed by repeated cycles of sputtering with argon cations
at a kinetic energy of 1 keV and subsequent annealing at 1100K for fifteen
minutes.
The TiO2 (110) surface is characterized by protruding bridging-oxygen

rows running in [001] direction with a periodicity of 649 pm in [110] di-
rection and the parallel titanium rows, which are centered between the
bridging-oxygen rows (Fig. 5.2).
Directly after preparation, surface defects appear as vacancies in the

bridging-oxygen rows.77 Water molecules of the residual gas can adsorb
on the surface and dissociate on oxygen vacancies, forming hydroxyls.78,79
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5 Surfaces

Figure 5.2: On the
TiO2 (110) surface vacan-
cies as well as double and
single hydroxyl defects exist
on the bridging-oxygen
rows.

Vacancies, single hydroxyls and double hydroxyls can be seen on the sur-
face as defects (Fig. 5.2). The hydroxyls are stable at room temperature.
At temperatures above 520K, hydroxyls recombine again and desorb as
water molecules.80

Contrast formation in NC-AFM imaging

As mentioned before, NC-AFM measurements do not necessarily reveal
the real surface topographic structure of the investigated substrate. The
contrast formation of NC-AFM is strongly affected by the tip morphol-
ogy and termination. For TiO2 (110), different contrasts have been re-
ported.81–84 The four most common, which have occured during this study,
will be presented shortly in the following (Fig. 5.3).
An anion at the tip apex results in a higher negative frequency shift over

the positively charged titanium rows in comparison with the more neg-
atively charged bridging-oxygen rows. The positively charged defects on
the bridging oxygen rows appear as bright features in-between the bright
titanium rows (Fig. 5.3(a)).81 From the size of the imaged defects, it can be
determined whether this defect is an oxygen vacancy, a single hydroxyl or
a double hydroxyl.77 With a cation at the tip apex the contrast is inverted.
The bridging-oxygen rows are imaged bright with the defects appearing as
dark spots in the bright rows (Fig. 5.3(b)). Both contrasts were observed
experimentally and confirmed by calculations.81 The third contrast mode
cannot be explained with pure electrostatic interactions. In this contrast
mode the bridging-oxygen rows are imaged bright and the hydroxyls are
emerging as brighter spots on these rows (Fig. 5.3(c)).82 Vacancies are im-
aged dark. Recently, a fourth contrast was observed, which resembles the
contrast formation of the previous mode, but additionally uncovers the
titanium rows in between the bridging-oxygen rows as faint bright rows
(Fig. 5.3(d)).26,83

Thus, the appearance of the defects can be used for chemical identifica-
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5.1 Rutile TiO2 (110) surface

Figure 5.3: Schematic
drawings (upper panel) and
NC-AFM images85 (lower
panel) of the four different
contrasts in the df-channel
corresponding to different
tip terminations.

tion and for clarification whether the titanium or the bridging-oxygen rows
are imaged bright. However, the tip termination can change during scan-
ning when the tip picks something up from the surface. Also molecules of
the residual gas can stick to the tip apex and change the contrast.
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Figure 5.4: Ballstick model
of the cubic crystal system
of CaF2 with the lattice pa-
rameter a = 546 pm. The
(111) plane is sketched.

5.2 CaF2 (111) surface

Large, monocrystalline calcium fluoride crystals can synthetically be grown
with highest purity.86 Calcium fluoride a widely used material for lenses,
e.g. in lithography.87 CaF2 is structurally assigned to the space group Fm3̄m
of the cubic crystal class (Oh) with the lattice parameter a = 546 pm.88 The
calcium cations are surrounded in a cubic form by eight fluorine anions.
Every fluorine anion is tetrahedrally coordinated (Fig. 5.4).

Figure 5.5: Prepara-
tion of the (111) surface
of a CaF2 crystal with
typical dimensions of
2mmx 4mmx 10mm. A
sharp blade is scribed paral-
lel to the (111) surface until
the upper part breaks apart.
This method reveals large
atomically flat terraces. Preparation and surface properties

The (111) surface of a CaF2 crystal (Korth Kristalle, Altenholz, Germany)
is prepared by cleavage. For that purpose a sharp blade is used to scribe
the crystal parallel to the (111) surface until the upper part breaks apart
(Fig. 5.5).89 Cleavage under ambient conditions would lead to a rapid degra-
dation of the surface.90 Thus, cleavage is performed under UHV conditions,
revealing large atomically flat terraces often larger than 4 µm2. To remove
trapped charges from the surface, the sample is heated for 1.5 h at 425K
before measurements.91
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5.2 CaF2 (111) surface

Figure 5.6: Sketch of the
CaF2 (111) surface. The pe-
riodicity a/

√
2 = 386 pm and

directions on the surface are
given. A side view of the
model parallel to the [011]
direction shows the stacking
sequence of triple layers.

Figure 5.7: Composition of
a model of the CaF2 (111)
surface and an NC-AFM im-
age (frequency shift channel)
to point out the contrast
with a cation at the tip apex.
The fluorine sublattices ap-
pear as a regular arrange-
ment of triangular features.

Along the [111] direction the crystal consists of layers of fluorine and
calcium (Fig. 5.6). Although the layers are charged, there is no net dipole
moment perpendicular to the surface. The layers are stacked in the order
(F-–Ca2+–F-)–(F-–Ca2+–F-)–(...). A sequence F-–Ca2+–F- of layers is called
a triple layer and has a height of a/

√
3 = 315 pm. At cleavage, a separation at

adjacent triple layers (i.e. adjacent fluorine layer) is energetically favorable,
therefore, the CaF2 (111) surface is always fluorine terminated and step
heights are multiples of the triple layer height.91,92

The CaF2 (111) surface itself is characterized by a threefold symmetry
and a periodicity of a /

√
2 = 386 pm. Both, fluorine and calcium ions are

arranged in a hexagonal manner on the (111) surface. In contrary to the
bulk CaF2 crystal, the fluorine and calcium ions of the first layer are less
coordinated (three- and sevenfold, respectively).

Contrast formation in NC-AFM imaging

As observed for the TiO2 (110) surface, different tip terminations can al-
ter the tip-sample interaction and therefore the appearance of the sur-
face in NC-AFM imaging. Actually, two different contrasts are known on
the CaF2 (111) surface, ascribed to electrostatic interactions between the
surface and different ionic tip terminations. Both contrasts have been ob-
served experimentally and have been confirmed by calculations.93–95

An anion at the tip apex results in a stronger attractive interaction be-
tween the tip and the Ca2+ ions. Thus, a higher negative frequency shift is
measured on the Ca2+ ions than on the F- ions. This results in a brighter
appearance of the Ca2+ sublattice compared to the F- sublattices. The Ca2+

ions reveal a disc-like shape.
With a cation at the tip apex, the contrast is inverted. This means, the

F- ions of the corresponding two sublattices in the first triple layer are
imaged bright, resulting in a triangular contrast pattern (Fig. 5.7). Hence,
by determining the contrast, the orientation and directions of the surface
relative to the imaging tip can be assigned unambiguously.
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Figure 6.1: Knudsen cell
with wound wire for re-
sistive heating and enclosed
thermocouple for tempera-
ture measurement.
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T hree different molecule species (C60 , SubPc and PTCDI) were probed
on surfaces in the context of this thesis. Molecules were deposited on

the surfaces by sublimation from home-built Knudsen cells (Fig. 6.1). A
Knudsen cell consists of a glas crucible with a wound tungsten wire for re-
sistive heating and an embedded thermocouple. Because the thermocouple
is not directly at the molecules, the measured temperatures do not neces-
sarily match with the temperature of the molecules, but correlate with it.
The deposition rates were estimated with a quartz crystal deposition mon-
itor (Inficon). The sublimation enthalpy ES can be obtained by monitoring
the deposition rate νD versus the temperature TC of the cell. Following the
Arrhenius law from Eqn. 4.1, the sublimation enthalpy is determined from
the slope m of ln νD versus T

−1
C

ES = kBm (6.1)

as exemplified in Fig. 4.4.
In the following, each molecule species is descibed andmotivated shortly.

Additional, the sublimation enthalpies are determined from experiment.

31



6 Molecules

Figure 6.2: The C60

molecule consists of sixty
carbon atoms in the
vertices of a truncated
icosahedron. Geometric
(0.710 nm) and Van-der-
Waals (≈1.0 nm) radii are
sketched.

6.1 C60

The C60 molecule belongs to the class of fullerenes, which includes all
spherical molecules consisting exclusively of carbon. Other carbon modi-
fications are graphite, graphene (single layer of graphite), diamond and car-
bon nanotubes. The C60 molecule consists of sixty carbon atoms, which
are located in the vertices of a truncated icosahedron (Ih-Symmetry).96 In
this way, twelve pentagonal and twenty hexagonal subdivisions are spanned,
with every pentagon surrounded by five hexagons such that no two pen-
tagonal areas abut (Fig. 6.2).

Crystalline C60

C60 molecules adopt different phases according to pressure and temper-
ature. At normal pressure and temperatures below 249K, the C60 mole-
cules arrange in a simple-cubic pattern.97 Above, C60 molecules order in a
face-centered cubic way. For even higher temperatures, the vapor phase
is adopted. For the purpose of this work the face-centered cubic struc-
ture is relevant, as this is the structure of the bulk C60 molecules at room
temperature. The nearest neighbor distance was estimated to be 1.00 nm
with the C60 molecules rotating very fast at their lattice position (rotating
frequency >109 s-1 at room temperature).98–100 The mass density of crys-
talline C60 can be calculated and equals 1.68 g/cm3, being consistent with
experiments.98

For the sublimation enthalpy, experiments in Fig. 6.3 yield a value of
(2.00 ± 0.05) eV following Eqn. 6.1. This value is in good agreement with
calculations (2.01 eV101) and other experiments (1.74 eV102).
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6.1 C60

Assembly of C60 on various surfaces

The intermolecular interaction as well as the interaction of the molecules
with the surface are decisive for the equilibrium structure of the molecular
arrangement on surfaces. A dominant intermolecular interaction would let
the molecules cluster in an island growth mode, arranged incommensurate
to the surface lattice. Considering the face-centered cubic bulk structure
of C60 molecules at room temperature,103 the molecules would arrange
in a lateral close-packed way on the surface like the (111) plane of the
bulk C60 structure, driven by intermolecular Van-der-Waals interactions
between the C60 molecules. With a dominant surface-molecule interac-
tion, however, the surface would template the molecules to optimize the
substrate-overlayer interaction.
The resulting molecular arrangement is governed by the subtle balance

between intermolecular and molecule-surface interactions. On metals, the
interaction between C60 molecules and the surface has been investigated
to be predominantly ionic due to partial charge transfer.104,105 On some
semiconductor surfaces the surface-molecule interaction was determined
to be of strong covalent nature.106,107 Insulator surfaces exhibit Van-der-
Waals interactios with the C60 molecules, which are in general weaker
than ionic or covalent interactions. Recently, C60 molecules have been
examined with NC-AFM on alkali halides, revealing an unusual morphol-
ogy.108 The adsorption of C60 on metal oxides has been examined as well.
Moreover, the molecular arrangement has been studied on the TiO2 (110)
(1×2)-cross-link surface using STM, revealing an one-dimensional order-
ing of the C60 molecules in the troughs between the added rows of the
reconstruction.109

A summary of results for C60 monolayer systems can be found in Ref.
110, including many further references. However, three different systems
(insulating, semiconducting and conducting substrate) will be shortly intro-
duced in the following. On the KBr(100) surface, the interaction with C60

molecules is of weak and predominantly Van-der-Waals character. Thus,
on this surface, C60 molecules tend to form islands at substrate step edges,

Figure 6.3: Deposition
rates of C60 at different
temperatures with line of
best fit.
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6 Molecules

which have been identified as hexagonally close-packed (8×3) islands.111
The islands are of an unusual morphology. Compact multilayer islands with
incomplete upper layers as well as branched islands with disconnected re-
gions are present.108 The latter ones consist of a first layer with a sec-
ond layer rim at the substrate-island edges. Thus, first layer regions are
enclosed by a second layer rim. These kind of island originates from a
molecular dewetting process of the C60 molecules on the surface. On the
Cu(111) surface the C60 substrate interaction is of intermediate strength
and predominantly ionic. The C60 molecules diffuse easily on the surface
and nucleate at substrate step edges.105 From the step edges two dimen-
sional islands grow in a close-packed manner towards the upper terrace.
Upon annealing at 570K, a well ordered close-packed overlayer is formed,
exhibiting a (4×4) superlattice. The C60 molecules do not rotate at their
lattice position as in the C60 bulk, but are fixed with a hexagonal face facing
down towards the surface. Only at defects or kink sites, the C60 mole-
cules rotate due to broken symmetry. The interaction of C60 with the
Si(111) (7×7) surface is of covalent character. The C60 molecules interact
strongly with the dangling bonds of the surface and are, therefore, immobile
at room temperature. Consequently, the step edges play no special role in
the binding process.107,112–114 Also partial charge transfer from the surface
to the molecules occurs, which also contributes to the strong interaction
with the surface.115 Single C60 domains can be achieved by careful growth
on the heated substrate (470K).112 Heating of the substrate increases the
mobility of molecules on the surface. Thus, C60 molecules can nucleate to
form islands.
These examples show that C60 molecules interact very differently with

different substrates. Within this thesis, the adsorption of C60 molecules
on insulating surfaces will be explored.
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6.2 SubPc

Figure 6.4: The SubPc
molecule is cone shaped
and consist of three
isoindoline compounds
arranged around a central
boron-chlorine unit.

6.2 SubPc

Chloro[subphthalocyaninato]boron(III) (SubPc)116–118 is a cone shapedmole-
cule consisting of a central boron-chlorine unit connected to three isoin-
doline compounds (Fig. 6.4). The boron-chlorine bond length is 0.19 nm
and the distance between the centers of the carbon rings is 0.76 nm.117,119

An axial dipole moment is evident, with the negative charge at the chlorine
atom.120

Crystalline SubPc

At room temperature, SubPc molecules arrange in an orthorhombic pat-
tern mainly driven by intermolecular Van-der-Waals interactions.117,118

The density has been determied to 1.52 g/cm3.117 For the sublimation en-
thalpy, the experiments presented in Fig. 6.5 yield a value of (2.57±0.16) eV
following Eqn. 6.1. In literature, the sublimation enthalpy of crystalline
SubPc has not been reported yet.

Assembly of SubPc on various surfaces

Similar to the before mentioned case of C60 on different substrate sur-
faces, also SubPc molecules interact very differently with different surfaces.
Three different SubPc-substrate systems will be outlined shortly in the fol-
lowing, ordered by ascending interaction strength between molecules and
the substrate surface.
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6 Molecules

On the KBr(001) surface, the interaction is very small, which yields a
high mobility on the surface at room temperature.121 This is evident from
NC-AFM images revealing a strong clustering of the molecules at substrate
step edges. No SubPc islands have been observed on terraces. However, if
templating the surface, e.g. by creating small rectengular pits in the surface,
molecules can be trapped. The area of a pit is filled with a single monolayer
of SubPc molecules. Molecules are tilted with the chlorine head pointing
downwards to the surface and arrange in adjacent rows inside the pits.

Submonolayer coverages of SubPc have been deposited on the Cu(100)
surface.122,123 During deposition, the substrate has been kept at room tem-
perature, whereas it has been cooled to liquid nitrogen temperatures for
STM measurements. Molecules arrange in a single layer with a highly or-
dered square (5×5) superstructure on the surface. However, molecules
can adsorb in two distinct configurations. They can adsorb with the chlo-
rine head pointing downwards to the surface and with the chlorine head
pointing away from the surface. Depending on the applied bias voltage be-
tween STM tip and sample, molecules can be switched reversibly between
both configurations. This flip-flop switching may be used, e.g., to store
information.

On the Si(111)(7×7) surface, SubPc molecules have been deposited with
the substrate held at room temperature.124 Measurements have been per-
formed at room temperature using STM. Like C60 molecules on this partic-
ular surface, SubPc molecules are almost immobile. This can be explained
by the strong interaction of the surface’s dangling bonds with the molecule.
Molecules adsorb with the chlorine head facing down to the surface. Some
molecules were observed to break apart. This is attributed to the strong
interaction with the surface.

In summary, the interaction of SubPc with insulators seems to be small
compared to metal or semiconducting surfaces. Additional nucleation sites,
e.g. pits, are needed to induce a steered assembly on the surface. On
metal surfaces, the interaction is intermediate, resulting in nicely ordered
structures, not only on the Cu(100) surface, but also on Ag(111) and

Figure 6.5: Deposition
rates of SubPc at different
temperatures with line of
best fit.
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6.2 SubPc

Au(111) surfaces.119,125–130 On the semiconducting Si(111)(7×7) surface,
the molecule-substrate interaction is increased. The dangling bonds of this
particular surface are interacting very strongly with the SubPc molecules.
Thus, molecules are immobile and no ordered layers or islands form as
diffusion is hampered on this surface.
Within this thesis, the adsorption of SubPc molecules on an insulating

substrate surface is investigated. To direct the assembly of SubPc mo-
lecules, a subsequent and simultaneous codeposition of C60 molecules is
explored. Experiments and further motivation for this bimolecular system
are presented in Sec. 9.
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6 Molecules

Figure 6.6: PTCDI is a
planar molecule with an
elongated and rectangular
outer shape. It consists
of fused six-membered
benzene rings with a
functionalized head/tail to
facilitate intermolecular
hydrogen-bonding.

6.3 PTCDI

The 3,4,9,10-perylenetetracarboxylic diimide (PTCDI) molecule is a planar
molecule with an elongated, rectangular outer shape (Fig. 6.6). It mainly
consists of fused six-membered benzene rings. However, at each, the head
and tail, two carbon atoms are oxygen terminated and a carbon atom is
substituted by a nitrogen atom.

Crystalline PTCDI

The arrangement of the molecules in their bulk crystalline structure is mon-
oclinic and mainly driven by intermolecular hydrogen-bonding due to the
molecule’s oxygen and hydrogen terminations.131–133 In the (102) plane
of the three-dimensional packing, molecules are arranged in adjacent rows
and rotated about ±12° in alternating rows, as sketched in Fig. 6.7(a). Thus,
each molecule is bonded with four hydrogen bonds within the rows. The
interaction within the rows is stronger than between adjacent rows. Thus,
PTCDI crystallites grow with needle-like shapes. The three-dimensional
packing emerges from a stacking of the (102) plane. The density has been
determined to 1.68 g/cm3.133 For the sublimation enthalpy, the experi-
ments presented in Fig. 6.8 yield a value of (1.81 ± 0.11) eV following
Eqn. 6.1. In literature, the sublimation enthalpy of crystalline PTCDI has
not been reported yet.

Assembly of PTCDI on various surfaces

On various surfaces PTCDI molecules adopt different phases. In total,
three different phases were reported from experiments, summarized in
Ref. 134. All phases are driven by hydrogen-bondings. In the canted phase,
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6.3 PTCDI

Figure 6.7: Schematic
sketch of different phases
PTCDI molecules adopt on
various surfaces. All phases
are governed by hydrogen
bonding. (a) Canted phase.
(b) Brick wall phase. (c)
Domino phase.

molecules arrange in adjacent rows like sketched in Fig. 6.7(a). Molecules
are rotated about ±12° in-plane with respect to the rows’ direction. Thus,
the arrangement is very similar to the (102) surface of a bulk PTCDI crystal.
The intermolecular interactions along a row are assumed to be stronger
than the interaction of molecules in adjacent rows. This anisotropy may be
reflected in elongated island shapes. In the brick wall phase, the molecules
also arrange in adjacent rows like sketched in Fig. 6.7(b). However, in com-
parison to the canted phase, intermolecular separations are larger within
the rows and the molecules are not rotated, but aligned parallel the row’s
direction. The brick wall phase has only been observed on the NaCl(001)
yet.135 In the domino phase, the molecules are aligned to one another in
a square pattern with succeeding molecules rotated by ninety degrees to
each other (Fig. 6.7(c)). The domino phase has so far only been observed
on the Au(111).134 Comparing these three arrangements, the brick wall
phase is assumed to be the energetically least favorable one. This is evi-
dent from experiments and calculations.134,135

Directly after deposition on the NaCl(001) surface at room tempera-
ture, two distinct types of island exist.135 The first type are needle-shaped
islands, which are two or more layers in height due to dewetting. They
consist of molecules arranged in the canted phase. The second type are
square-shaped islands, which are usually one layer in height and exhibit a
brick wall phase. The latter type of island is metastable and dissolves in
favor for the needle-shaped islands at room temperature within days.
Deposition of PTCDI on the Au(111) surface at room temperature yields

islands, which are one layer in height.134,136,137 The islands exhibit different
phases of arrangement. All three phases, namely the canted, brick wall and
domino phase, are coexisting on this particular surface. However, three
more phases are predicted from calculations.134

PTCDImolecules have also been investigated on the HOPG,138MoS2,138

Pt(100),133,139 Ag/Pt(111),140 Ag/Si(111),141 and the H-terminated Si(111)
surfaces,142 all revealing a canted arrangement of the molecules. There-
fore, the canted arrangement seems to be the energetically most favorable
structure.
Within this thesis, the adsorption of PTCDI molecules on an insulating
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6 Molecules

Figure 6.8: Deposition
rates of PTCDI at different
temperatures with line of
best fit.

substrate surface is investigated. To direct the assembly of PTCDI mo-
lecules, a subsequent and simultaneous codeposition of C60 molecules is
explored. Experiments and further motivation for this bimolecular system
are presented in Sec. 10.
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I n this part, the principles of adsorption of C60 molecules on the rutile
TiO2 (110) surface are studied by non-contact atomic force microscopy

under ultra-high vacuum conditions. After preparation of the bare sub-
strate according to Sec. 5.1, C60 molecules were deposited with a rate of
0.12ML/min (1ML equals to 0.2C60 molecules per TiO2 (110) unit cell)
onto the surface, which was held at room temperature (see Sec. 6.1).
For using molecules in future molecular electronic, systems are needed

that provide highly ordered as well as contaminant and defect-free lay-
ers.143,144 Such a system might be provided by C60 molecules on the
TiO2 (110) surface. Therefore, first, C60 islands/layers on the TiO2 (110)
surface are produced and characterized (Sec. 7.1). Islands were of striking
perfection with a low density of defects. This is surprising as the TiO2 (110)
surface exhibit a rather large density of intrinsic defects.25,77

In NC-AFM imaging on C60 islands, an inversion of the imaging contrast
while reducing the tip-sample distance was found. This imaging contrast
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7 C60 molecules on the TiO2 (110) surface

is discussed and explained with the help of model simulations in the pro-
ceeding section (Sec. 7.2).
After creation of nearly defect-free C60 islands in the first step and clar-

ification of NC-AFM imaging contrasts in the second step, the third step is
dedicated to modifying these well-ordered C60 islands (Sec. 7.3). The in-
ner structure of several islands is modified by the AFM tip as well as whole
islands are removed.
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7.1 Growth of ordered C60 islands

Figure 7.1: C60 on
TiO2 (110) at different cov-
erages (topography images).
(a) 0.1ML C60 , 440 nm x
440 nm. (b) 0.6ML C60 ,
194 nm x 194 nm. (c) 4.0ML
C60 , 440 nm x 440 nm.

Figure 7.2: Distribution
of aspect ratios of island
shapes.

7.1 Growth of ordered C60 islands

In this section, the growth mode of C60 on the TiO2 (110) surface is ana-
lyzed. A closer look will be taken at the superstructure and defects of C60

islands, including domain boundaries.

Growth mode

Upon submonolayer deposition, molecules are observed to preferentially
adsorb at step edges as shown in Fig. 7.1(a). With increasing coverage,
islands appear to grow from substrate step edges onto the lower terraces
as seen in Fig. 7.1(b). By far the most islands are attached to a substrate
step edge and only very few grow directly on terraces, the latter islands are
ascribed to nucleation at defect sites. For a statistical analysis, the shape
of the islands is investigated in more detail. In total 381 islands from eight
different images taken at different submonolayer coverages were analyzed.
A histogram of the aspect ratios (length divided by the width for the best
fitting rectangle) is depicted in Fig. 7.2. This histogram reflects the overall
rather compact shape of the C60 islands. For higher coverages, large C60

islands are formed in a Stranski-Krastanov growth mode (Sec. 4), covering
the entire substrate as seen in Fig. 7.1(c). Single C60 molecules on terraces
are observed rarely; some of them are evident in Fig. 7.3(a). These individ-
ual molecules are assumed to be anchored at surface defects. The density
of the most prevalent surface defects, namely single and double hydrox-
yls originating from oxygen vacancies amounts to 4%ML for this particular
sample after 19 cycles of sputtering and annealing (note: 1ML of defects
equals to one defect per TiO2 (110) unit cell).77 As this density is much
higher than the density of the individual C60 molecules observed in the ex-
periments, the fixed C60 molecules must be anchored at other defect sites
that are not yet identified. These fixed molecules are supposed to act as
nucleation seeds for the growth of the few C60 islands found on terraces.
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7 C60 molecules on the TiO2 (110) surface

Figure 7.3: (a) Single C60

molecules and C60 islands
on an area of 25 nm x
25 nm (frequency shift con-
trast). Single C60 molecu-
les (dashed circles) and hy-
droxyl defects (one is in-
dicated by an arrow) on
a terrace (upper part) and
C60 island attached to a
step edge (lower part) are
shown. (b) Model of the C60

island structure. The C60

molecules are sketched with
their Van-der-Waals radii
(≈1.0 nm).98 The molecules
are centered in the troughs
formed by the bridging oxy-
gen rows. The exact lat-
tice site within the troughs,
however, cannot be deter-
mined and is arbitrary in the
given model.

C60 superstructure

In the lower part of Fig. 7.3(a) a C60 island edge is shown. The bridging
oxygen rows can be identified by the position of hydroxyl defects, which
are known to form on the bridging oxygen rows from oxygen vacancies
through water adsorption.77,82 In this particular image the bright (larger
negative frequency shift) rows correspond to the substrate bridging oxy-
gen rows running along the [001] direction, since surface defects (single and
double hydroxyls) appear as brighter spots on these rows (one is indicated
by an arrow).82 In the upper half of the image, four additional features are
found (dashed circles) that are much larger than typical surface defects.
These features are ascribed to single C60 molecules, adsorbed between
the bridging oxygen rows (dashed lines). In the lower half of the image,
a C60 island anchored to a substrate step edge is shown. A comparison
of C60 covered and uncovered areas yields that also molecules within an
island adsorb in the troughs formed by the bridging oxygen rows. The C60

molecules arrange in a centered rectangular superstructure, as sketched in
Fig. 7.3(b). The angle spanned by the basis vectors of the superstructure
amounts to (81±2)◦. The nearest-neighbor distance between the mole-
cules is measured to (1.00±0.02) nm, the same as in the bulk C60 crystal
(1.00 nm).99 As atomic resolution is lost at C60 island edges, the exact
adsorption site in [001] direction cannot be determined. The measured
dimensions do, however, agree with a c(5×2) superstructure within the
error of the length measurements. It was not possible not resolve any
structure within the molecules, which might be due to the fact that the mo-
lecules possess sufficient thermal energy for rotating around their center as
in bulk C60.100 These findings suggest that the assembly at room temper-
ature is driven by the C60 intermolecular interaction, while the substrate
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7.1 Growth of ordered C60 islands

Figure 7.4: Frequency shift
image showing a typical C60

island. Frame size is 48 nm
x 48 nm. Backward scan
(from right to left) taken at
a frequency shift setpoint of
-9.8Hz.

is templating the molecules in between the bridging oxygen rows. More-
over, the C60 molecules seem to possess sufficient kinetic energy to diffuse
on the surface. Consequently, the island growth requires nucleation sites
such as step edges or pinned molecules.

A recent study using STM on the TiO2 (110) 1×2 cross-link recon-
structed surface has revealed a similar behavior.109 In this study, the C60

molecules have been observed to anchor at the cross-link sites and to grow
along the [001] direction in the troughs. The observed C60 adsorption po-
sition on top of the Ti rows agrees with the findings in this study. It has
been argued that C60 anchors to the undercoordinated Ti cations while
the intermolecular interaction is governed by van-der-Waals interaction,
in good agreement with what is observed on the unreconstructed surface.

Figure 7.5: Anti-phase
boundaries due to stacking
faults. C60 island, showing
domain boundaries and
defects in topography (a)
and frequency shift channel
(b); 14 nm x 14 nm. Two
defects are marked: a
missing C60 molecule within
a protruding strand and
a single missing molecule
within a C60 island.
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Figure 7.6: Anti-phase
boundaries due to stacking
faults. (a) C60 molecules
causing a stacking fault
are colored yellow. (b)
During island growth a gap
is created between two
islands growing together,
which cannot be occupied
by C60 molecules. (c) C60

molecules adsorb on this
gap (colored blue), resulting
in protruding rows of single
C60 strands, running in the
[225] and [225] directions.

Domain boundaries and defects on the C60 islands

An impression of the regular order and shape of the islands is shown in
Fig. 7.4, exhibiting an island after 0.5ML deposition. A closer inspection of
the C60 islands reveals bright straight lines of C60 molecules, running par-
allel to the basis vectors of the superstructure along the [225] and [225]
directions (Fig. 7.5). These lines are also observed at higher coverages,
as shown in Fig. 7.7, representing the molecular ordering after 4.0ML de-
position. The straight lines consist of single strands of molecules slightly
protruding from the C60 islands. Since these lines do not occur periodi-
cally in any way, it can be excluded that they are due to a lattice mismatch
between the C60 superstructure and the substrate unit cell. Neither un-
derlying surface defects such as oxygen vacancies or hydroxyls can be the
reason, considering that the defect density is much higher than the number
of protruding lines. A plausible explanation for these lines of protruding
molecules are, however, anti-phase boundaries originating from stacking
faults.
It is proposed that such domain boundaries originate from two islands

growing together. If two molecules are in close contact within a trough,
an anti-phase boundary is created as illustrated by the yellow-colored C60

molecules in Fig. 7.6(a). This stacking fault results in a gap between the
two islands that cannot be occupied by C60 molecules due to the limited
space (Fig. 7.6(b)). However, molecules adsorb on top of these boundaries
between two coalescing islands (colored blue in Fig. 7.6(c)). More precisely,
these molecules lie on the imaginary center of the area spanned by four
molecules (two of each island), which corresponds to a maximization of
the number of nearest-neighbors.
Considering the size of the C60 islands and the typical density of surface

hydroxyl defects, which is in the range of 2%ML to 6%ML in our experi-
ments77, surface defects do exist underneath the C60 islands. On the C60

islands, however, structural imperfections other than domain boundaries
are observed only very rarely. These C60 island defects are single missing
molecules as those shown in Fig. 7.5. The number of C60 island defects is
by far too small to account for the number of underlying substrate defects,
indicating that surface defects do not perturb the island growth. Our re-
sults, therefore, demonstrate that defect-free C60 layers can be prepared
on a surface with an initially high density of surface defects.

Conclusion

In summary, it is evident that C60 molecules are mobile on the rutile
TiO2 (110) surface at room temperature. Single C60 molecules diffuse
over the surface and require nucleation sites for island growth, such as
step edges or substrate defects. Molecules adsorb in the troughs formed
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7.1 Growth of ordered C60 islands

by the bridging oxygen rows of the substrate. The C60 island superstruc-
ture is found to be centered rectangular with an angle of (81±2)◦ spanned
by the basis vectors, in agreement with a c(5×2) superstructure. Although
the underlying TiO2 (110) surface is known to exhibit a high density of de-
fects, the C60 islands are almost free of defects and have a regular, compact
shape.
The system introduced here offers a great potential for the deposition

of highly ordered monomolecular layers of C60 on an insulating substrate.
Deposition in a nano-stencil system145 would facilitate the fabrication of
shaped nano-pads for molecular electronic applications e.g. as molecular
contacts.

Figure 7.7: NC-AFM im-
ages (topography) of C60

on TiO2 (110) at a cov-
erage of 4.0ML. Different
plain C60 terraces are evi-
dent with protruding rows
running along the surface,
which ware assigned to do-
main boundaries.
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7.2 Contrast inversion on C60 islands

In this section, the distance dependent contrast on C60 islands in NC-AFM
imaging is analyzed. While STM images the surface electronic structure, the
surface force field is probed with NC-AFM. Compared to STM, however,
the understanding of contrast formation in NC-AFM is far less mature.
Understanding and interpreting experimental NC-AFM data has been ad-
dressed recently investigating both, bare as well as adsorbate-covered sur-
faces.13,81,94,146–148 Contrast formation of single C60 molecules has been
studied on Si(111) (7×7), revealing C60 molecules that are imaged as de-
pressions.107 In this study it has been suggested that this contrast inversion
might originate from a jump of the tip above the C60 molecule, entering
into the regime of negative slope in the df(z) curve. Also when imaging
extended C60 islands on Si(111) (7×7) contrast inversion was observed
and assumed to be due to a change in the vibration amplitude compared
to the topography signal.114

Here, the interaction between C60 molecules within a C60 island on ru-
tile TiO2 (110) and the scanning probe tip is studied. The contrast forma-
tion was studied in dependence on the tip-sample distance. Far away from
the sample surface, each C60 molecule is imaged as a bright feature. When
decreasing the tip-sample distance, the contrast changes, eventually result-
ing in C60 molecules imaged as depressions. The resulting relation between
measured frequency shift values at defined positions on the molecular is-
land versus the tip-sample distance is plotted as frequency shift-distance
(df(z)) curves. The results reveal crossing points in the df(z) curves at dif-
ferent surfaces positions, explaining why contrast inversion is observed on
the C60 molecules upon decreasing the tip-sample distance. Simulations
based on a simple model system were performed, closely resembling the
experimental observations. Comparing these simulations with the exper-
imental results allows for gaining insight into the interaction between C60

molecules and the scanning probe tip. In particular, the observed change
in contrast can be assigned to crossing points in the attractive region of
tip-sample interaction, i.e., the observed contrast inversion is not due to
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7.2 Contrast inversion on C60 islands

Figure 7.8: Contrast inver-
sion on a C60 island. Series
of quasi constant height im-
ages upon decreasing the tip
sample distance. Frame size
is 12 nm x 12 nm. Forward
scan (from left to right) im-
ages with the frequency shift
setpoint noted in the images.
The frequency shift setpoint
was increased successively
from image (b) to (h), induc-
ing a change in imaging con-
trast. Three positions are
marked in every image, cor-
responding to the positions
indicated in the schematic
shown in (a). At these po-
sitions, the measured fre-
quency shift was analyzed
and compiled in Fig. 7.9(a),
comparable to df(z) curves.

entering into the repulsive regime. This study emphasizes the fact that a
detailed distance-dependent analysis is usually required for unambiguously
identifying molecular positions within a molecular island.
In the present experiments, the distance feedback was not switched off

completely as it is needed to compensate for sample tilt and thermal drift
in z-direction. Consequently, all images shown here are taken with slow
feedback loop settings in which the vertical movement following the corru-
gation of the molecules within an island is in the order of ±5 pm, resulting
in quasi constant height mode images, i.e., the df contrast is presented. In
the following, distance-dependent df curves are discussed, thus, presenting
df(z) curves would be the most direct way of data presentation. However,
the experiments require site specificity which is only provided when lat-
eral drift is negligible. Usual AFM setups without special precautions such
as atom tracking149 do not provide high enough drift stability. In order
to arrive at meaningful data, the measured df values are presented in de-
pendence on the df setpoint. This approach is justified as the tip-sample
distance is controlled by the frequency shift setpoint, which represents the
average frequency shift of the df images. As measurements are exclusively
in the attractive regime (will be proven later) the frequency shift setpoint
is monotonically dependent on the tip-sample distance. Thus, the df set-
point serves as a measure for the tip-sample distance in the experiments.
The images are displayed such that bright areas correspond to high attrac-
tive interaction while dark corresponds to less attractive or even repulsive
interactions.13

Experimental Results

As established in the previous section, C60 molecules are known to arrange
in a rhombic superstructure on the rutile TiO2 (110) surface with an an-
gle of (81±1)◦ and with the C60 molecules lying centered in the troughs
formed by the bridging oxygen rows, as shown in Fig. 7.3. Protruding
molecular rows are observed on the C60 islands, which are ascribed to
domain boundaries originating from stacking faults. The molecules in the
domain boundary are directly surrounded by six other C60 molecules; four
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7 C60 molecules on the TiO2 (110) surface

Figure 7.9: (a) Experimen-
tally obtained frequency
shift at defined sample
positions plotted against
the preset frequency shift
setpoints. The error of the
displayed frequency shift
values amounts to ±0.3Hz
approximately. The curves
are comparable to df(z)
curves as the frequency
shift setpoint is related to
the mean height over the
surface. (b) Corresponding
simulated frequency shift
versus distance curves at
the same positions on the
C60 islands. Note that γ is
directly proportional to df.

in the underlying C60 islands and two in the domain boundary.
In Fig. 7.8(b) a zoom into the marked area from Fig. 7.4 is depicted, showing
a C60 layer with domain boundaries. In the following images (c)-(h) the tip-
sample distance was decreased successively by changing the frequency shift
setpoint from -10.4Hz to -25.1Hz. When scanning at different frequency
shift setpoints, different contrasts on the molecular island are observed.
This evolution in contrast was reproducible obtained when retracting the
tip afterwards. In particular, no sign for a tip change was observed in
Fig. 7.8(a)-(g), i.e., the observed changes in contrast can be ascribed to
the change in tip-sample distance solely. In the middle of Fig. 7.8(h) the
tip interacted strongly with the C60 island. However, the contrast in NC-
AFM imaging was the same afterwards, which can be obtained by comparing
Fig. 7.8(f) with the lower part of Fig. 7.8(h). The increased interaction in
the middle of Fig. 7.8(h) will be analyzed in the following section (Sec. 7.3).
In general, imaging was observed to be rather stable, especially when com-
pared to imaging on bare TiO2 (110). One explanation for these stable
imaging conditions could be an initial transfer of C60 molecules to the very
end of the tip. All images would then be obtained with a rather stable C60

tip apex.
To follow the steps of change in contrast, three different positions on

the molecular island are marked in different colors in the schematic in
Fig. 7.8(a): position A (triangle) is in the center of the C60 unit cell, posi-
tion B (circle) between two nearest-neighbor C60 molecules and position
C (square) on top a C60 molecule. The same positions are also indicated in
the NC-AFM images in Fig. 7.8(b)-(h). For each NC-AFM image, the mea-
sured frequency shifts at these three positions were averaged over eight
unit cells and plotted against the preset frequency shift setpoint for each
image (Fig. 7.9(a)). The error of this values amounts to ±0.3Hz approxi-
mately. Within the range of tip-sample distances considered here, the mea-
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7.2 Contrast inversion on C60 islands

Figure 7.10: Comparison
of forward and backward
scans. Quasi constant height
images with frequency shift
setpoint -17.1Hz. Frame
size is 12 nmx 12 nm. (a)
Forward scan (from left to
right): the tip approaches
the domain boundary from
the left side, resulting in a
domain boundary structure
that appears open on the
lower right side. (b) Back-
ward scan showing a struc-
ture that is open on the up-
per left side. Combining
both, forward and backward
scans, the overall structure
of the domain boundary re-
veals a hexagonal shape.

sured frequency shifts represent a monotonically increasing curve. This in-
dicates that measurements are in the attractive regime solely.13 Between
the images in Fig. 7.8(c) and (d) the tip-sample distance was decreased by
changing the frequency shift setpoint from -12.6Hz to -15.1Hz. This re-
sults in a less corrugated appearance of the C60 molecules in Fig. 7.8(d), as
the difference in measured frequency shift at positions C and B is reduced.
In the image in Fig. 7.8(e), taken at a frequency shift setpoint of -17.1Hz,
the contrast has changed. Now position B between the C60 molecules is
brighter than position C on the C60 molecules, which can also be seen
in the crossing of the corresponding curves in Fig. 7.9(a). Position A in
the center of the unit cell appears, however, still as darkest position. This
corresponds to the least attractive interaction at sample position A.
Upon further decreasing the tip-sample distance by changing the fre-

quency shift setpoint to -19.1Hz (Fig. 7.8(f)) position A gets as bright as
position B, while position C on top of a C60 molecules appears darkest.
Finally, in Fig. 7.8(g) and (h) position A becomes brightest. Thus, in com-
parison to Fig. 7.8(b) the contrast has inverted completely. In Fig. 7.8(b) the
order in attractive tip-molecule interaction is A, B, C whereas in Fig. 7.8(h)
it is C, B, A. This is also seen in the curves given in Fig. 7.9(a).
The same change in contrast is observed at the domain boundaries. As

the boundaries are protruding from the underlying C60 layer, the contrast
inversion takes place already at larger tip-sample distances, since the tip
approaches the protruding features more closely compared to the C60

island. The contrast pattern on top of the domain boundaries shows a
hexagonal structure, corresponding to the four directly surrounding C60

molecules of the underlying C60 layer and the two neighboring molecules
in the domain boundary.
This hexagonal structure appears not completed, but open at the rear

side relative to the fast scan direction (Fig. 7.8(d)-(f)). This can be ac-
counted to a feedback effect, which can be clearly seen when comparing
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7 C60 molecules on the TiO2 (110) surface

forward and backward scans of an image, as shown in Fig. 7.10(a) and (b),
respectively. When considering the forward scan (fast scan direction from
left to right) the tip is approaching the left-hand site of the domain boundary
very closely. Scanning with slow feedback loop settings, the tip is retracted
slowly a few 10 pm, resulting in a slightly larger tip-sample distance at the
right-hand side of the domain boundary. Therefore, the bright rim is not
seen at the right-hand side of the domain boundary. The same effect is
observed vice versa in a backward scan, resulting in a hexagonal structure
that is open to the left as shown in Fig. 7.10(b).

Figure 7.11: Simulated im-
ages showing the normal-
ized frequency shift at dif-
ferent tip-sample distances
over a C60 island with a do-
main boundary.150,151

Model Simulations

To gain insight into the observed contrast formation and to rule out in-
fluences of the feedback loop, simulations were performed using a simple
model based on a Morse potential. This potential is used for modeling a
pairwise, additive interaction between each single C60 molecule and the
probing tip. For the simulations it is assumed that a single C60 is pinned
to the tip. This is motivated by the experimentally observed stable imag-
ing conditions mentioned before, which are rather unique for C60 mole-
cules on TiO2 (110) compared to bare TiO2 (110). The model was set up
and simulated by (Johannes Gutenberg-Universität Mainz).150,151 The
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7.2 Contrast inversion on C60 islands

simulation results are shown in Fig. 7.11(a)-(f). In Fig. 7.9(b) the normal-
ized frequency versus distance curves are shown. The heights, at which
the images in Fig. 7.11(a) to (f) were calculated, are indicated in Fig. 7.9(b)
by the corresponding symbols. The simulated images nicely reproduce the
experimentally observed contrast formation. At distances far away from
the surface, the C60 molecules appear bright, while upon approaching the
tip towards the sample results in a contrast inversion. In Fig. 7.11(f), the on
top position of the C60 molecules appears dark while the area in between
C60 molecules is imaged bright. Thus, this simulation confirm that the ex-
perimentally observed contrast is due to change in tip-sample interaction
at different tip-sample distances. In particular, we can conclude that the
used slow feedback loop settings do not influence the qualitative behavior,
as our true constant-height simulation results show an excellent agreement
with the experimental results.
Besides the images, our simulations also confirm the experimentally ob-

served df(z) curves in a sense that we can reproduce the order of the
crossing point in the three curves at positions A, B and C. We see, how-
ever, that the simulated curves deviate from the experimental ones as the
simulated df(z) curves at position C show negative slope at the crossing
points of A and B. This is in contrast to what is observed experimentally
and illustrates the limits of this simple model. It has been reported be-
fore that the Morse potential fails to model the repulsive regime as elastic
contact forces have to be considered.152

Conclusion

The contrast formation of C60 molecules on the rutile TiO2 (110) is stud-
ied at different tip-sample distances. When imaging the molecules far away
from the surface, the on top position appears bright while the area in be-
tween four molecules is imaged dark. Upon approaching the tip towards
the surface, this contrast changes and is eventually inverted. The observed
contrast inversion was simulated using a simple model system based on
a Morse potential. The study reveals that contrast inversion is observed
due to crossing points in the frequency shift-distance curve. In the present
case, these crossing points are not related to the onset of the repulsive
regime. This study illustrates that an unambiguous identification of molecu-
lar positions within a molecular island using NC-AFM can require distance-
dependent measurements of the contrast formation.

53



7 C60 molecules on the TiO2 (110) surface

7.3 Manipulation of C60 islands

In this section, the manipulation of C60 islands with NC-AFM is presented
and analyzed. Employing self-assembly in combination with direct pattern-
ing methods such as manipulation might allow for creating an broad variety
of structures. The most direct fabrication method of nanostructures is tip-
induced manipulation,6 since the tip is controllable at the subnanometer
scale.
Atomic and molecular manipulation has been studied extensively on

metal surfaces using scanning tunneling microscopy (STM) and a rather
comprehensive understanding of the manipulation process has been achiev-
ed.4,5,153–155 Using NC-AFM, however, controlled manipulation of single
atoms and atom size defects has been achieved in very few cases only.
Compared to manipulation using the STM, only limited understanding has
been gained so far based on experimental data51–53,156–160 and theoreti-
cal calculations.161–163 Lateral manipulation can be triggered by lowering
the energy barriers for hopping processes due to attractive interactions
between tip and surface adatoms52,161 or due to repulsive interaction be-
tween the tip and surface adsorbates/atoms.51 Like in STM, pulling164 as
well as pushing53 manipulation mechanisms were proposed. In contrast
to previous manipulation experiments using non-contact atomic force mi-
croscopy, well-controlled manipulation of large molecules is demonstrated
here.
The system of C60 molecules on the rutile TiO2 (110) surface is inves-

tigated with NC-AFM at room temperature. Tip-induced modification of
C60 islands due to clear repulsive interactions between tip and molecules
is demonstrated. Thereby, pits in well-ordered islands were created and
domain boundaries were moved on the islands. Additionally, altering and
removal of complete C60 island is demonstrated.

Manipulation on C60 islands

The starting configuration is the close-packed C60 island as presented in
Fig. 7.5. As mentioned above, the protruding molecular rows are ascribed
to domain boundaries originating from stacking faults. In Fig. 7.12(a), the
image shown in Fig. 7.5(a) is reproduced.
When scanning on the C60 islands, holes were created into these is-

lands by scanning at increased frequency shift setpoints. An example is
shown in Fig. 7.12(a) and (b). Image (a) was recorded at a frequency shift
setpoint of -10.4Hz. From this point, the frequency shift setpoint was in-
creased stepwise in the following images, resulting in contrast inversion as
discussed in the previous section. The corresponding images can be seen in
Fig. 7.8(b)-(h). Very stable imaging was possible until a setpoint of -25.1Hz
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7.3 Manipulation of C60 islands

Figure 7.12: Comparison
of two NC-AFM forward-
scan images (14 nm x 14 nm,
topography) at a frequency
shift setpoint of -10.4Hz
(a) before and (b) after
a stepwise increase of the
frequency shift setpoint to
-25.1Hz (this series can be
seen in the previous sec-
tion). At a frequency shift
setpoint of -25.1Hz, the in-
teraction between tip and
C60 molecules induced an al-
most quadratic hole by the
removal of seventeen mole-
cules (twelve from the plain
C60 island and five from
the upper domain bound-
ary). Additionally, a re-
ordering of the left domain
boundary was observed. In
both images (a) and (b), a
single missing C60 molecule
is marked as a reference
point. A model of the situa-
tion before and after the re-
ordering of a domain bound-
ary is sketched in (c) and (d),
respectivelywas reached (Fig. 7.8(h)). At this setpoint, the tip interacts sufficiently with

the C60 molecules to remove C60 molecules from the island.
In Fig. 7.13(a) and (b) (which is the middle part of Fig. 7.8(h)) the fre-

quency shift channel (left panel) and the dissipation channel (right panel) are
shown for the backward and forward scan, respecively. The upper part in
the NC-AFM images in Fig. 7.13 was scanned at a setpoint of -25.1Hz.
Near the stacking fault (see area enclosed by the dotted lines), manipula-
tion occurs. In the lower part of the image, the frequency shift setpoint
was lowered to -19.1Hz, again resulting in stable imaging. The contrast is
the same again as was seen at -19.1Hz before the manipulation process
(Fig. 7.8(f)).
The frequency shift images for the forward and backward scan show

full contrast inversion at a setpoint of -25.1Hz (i.e., the C60 molecules
appear dark while the areas in between the molecules appear bright). In
the dissipation channel molecular contrast is faintly seen.
In the following, every scan line in between the area where manipulation

happened (see area enclosed by the dotted lines) of the frequency shift
and dissipation images (each with forward and backward scan) is analyzed
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Figure 7.13: Backward (a)
and forward scan (b), both
with frequency shift chan-
nel (left panel) and dissipa-
tion channel (right panel). In
the upper part of the NC-
AFM images, the frequency
shift setpoint was set to
-25.1Hz as indicated in the
images. After the manipu-
lation happened in the area
enclosed by dotted lines, the
frequency shift was set to
-19.1Hz for stable imaging.
Below each NC-AFM image
the linescans of the dotted
area are plotted. Analyz-
ing the area where manipu-
lation was achieved reveals
two line scans of the fre-
quency shift channel in the
forward scan with a positive
frequency shift, which is re-
lated to a repulsive interac-
tion between tip and mole-
cules.

in Fig. 7.13.

The linescans in the backward scan of the frequency shift channel do not
reaveal any remarkable deviations from the expected corrugation. Also the
dissipation channel of the backward scan do not expose any indications for
a manipulation process. However, two linescans in the forward scan of
the frequency shift channel reveal significant positive frequency shifts, cor-
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Figure 7.14: Model of
the movement of a domain
broundary with a C60 island.
In (a) the situation before
manipulation is shown. The
molecules A and B are
forming the stacking fault.
From (a) to (b) the stacking
fault molecule B was kicked
over the bridging oxygen
row to a new adsorption
site, now forming a stacking
fault with molecule C.
After the movement of the
stacking fault, the whole
domain boundary moves
successively, as sketched in
(c). The molecules Dn move
along the substrate troughs
from the lower part of the
island to its upper part.

responding to a repulsive interaction between tip and molecules.13 This
can be related to the observed manipulation process. Also the dissipa-
tion channel doubles its value in some linescans, indicating a strong energy
dissipation at the manipulation process.
The situation after the manipulation (Fig. 7.12(b)) was recorded at the

same frequency shift setpoint as the first image before manipulation
(Fig. 7.12(a)). Comparing both images, an almost quadratic hole was cre-
ated by removal of twelve C60 molecules from the plain island and five
molecules from the upper domain boundary. In addition, a reordering of
the lower left domain boundary was induced. This boundary moved one
repeat distance closer to the encircled vacancy in the molecular island (indi-
cated by three/two white circles between the domain boundaries). As the
domain boundaries originate from stacking faults, the observed reordering
must be caused by a movement of the associated stacking fault during the
manipulation process. In Fig. 7.12(c) and (d) the situation before and after
the movement of the domain boundary are sketched. The movement of
the domain boundary is modeled in more detail in Fig. 7.14(a)-(c). From
situation (a) to (b) the molecule B is moved across a bridging oxygen row,
thus forming a new stacking fault with molecule C. This movement is as-
sumed to be tip induced since breaking the stacking fault and moving the
molecule over the bridging oxygen row is suspected to require additional
energy. In the next step, the molecules Dn diffuse along the substrate
troughs from one part of the island to the other, indicated by arrows in
(c). Thus, (c) resembles the situation after manipulation as sketched in
Fig. 7.12(d).
Comparing Fig. 7.14(b) and (c), it is evident that all molecules Dn are

three-fold coordinated in the C60 layer in (c). In (b) the molecule D1

directly at the stacking fault is only two-fold coordinated. Therefore, a
maximization of coordination is thought to be the driving force for the
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movement of the molecules Dn to the upper part of the island. This pro-
cess is more likely thermally activated than tip induced, since the domain
boundary moves along its whole length (Fig. 7.12(a) and (b)) and not only
in the area, where the increased tip sample interaction occurs (Fig. 7.13).
The reordering of this domain boundary is accompanied by a rather large

mass transport, as 1 + 2 × n molecules need to change position in order
to shift the whole boundary, with n being the number of C60 molecules in
length on the domain boundary. Additionally, one C60 molecule needs to
be removed, otherwise the boundary cannot moved.
The above presentedmanipulation process is reprocible as demonstrated

in Fig. 7.15. Image (a) shows a well-ordered island with straight outer edges
and some domain boundaries running along the island surface. Now, the
tip-sample interaction was increased in the upper part of this islands, by
scanning with increased frequency setpoints. As a result, a hole was in-
duced in this part of the island. The procedure was reproduced in (c) in
the lower part of the C60 island. It is assumed that the removed molecu-
les from the holes attach to the right island edge. Fig. 7.15(d) proves that
only the island of interest (encircled) was modified and all surrounding is-
lands keep faultless in perfect order. Thus, holes can easily be induced in
well-ordered C60 islands, without degrading the imaging tip.

Figure 7.15: NC-AFM im-
ages (topography) of a C60

island and its surroundings.
In (a) the island is in perfect
order with straight outer
edges and some domain
boundaries running along
the island surface. (b): Upon
an increased tip-sample in-
teraction, a hole was in-
duced in the upper part of
the island. Reproducibility
is proven in (c). A fur-
ther hole was created in the
lower part of the island. In
image (d) the modified island
is shown with its surround-
ing islands. It is evident that
only the island of interest
was modified. All surround-
ing islands keep their perfect
order.
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Figure 7.16: Series of NC-
AFM images at almost the
same frequency shift set-
point (13.0Hz to 15.0Hz),
62 nm x 62 nm, frequency
shift channel, backward
scans. The first image
is taken approximately
100min after molecule
deposition. All following
images are taken succes-
sively with a time per frame
of 9min 20 s. The isolated
island in the upper part of
the image shrinks in size
during scanning until it com-
pletely vanishes. In image
(k) a substrate depression is
observed, which is assumed
to represent the nucleation
seed for the island growth.Removal of C60 islands

In Fig. 7.16(a), a C60 island of ~25 nm in length and ~14 nm in width is
scanned. In Fig. 7.16(a)-(f) this island shrinks in size when scanning at
frequency shift setpoints between -13.0Hz and -15.0Hz. In Fig. 7.16(c)
the area has reduced to about one fourth of the initial size in Fig. 7.16(a).
Fig. 7.16(a) suggests that the island has grown on the bare terrace, however,
as can be seen in Fig. 7.16(f), a defect in the underlying substrate surface is
observed. This defect might represent an anchoring site for the island, in
agreement with the previous assumption that C60 molecules require nucle-
ation seeds such as substrate step edges or other surface defects for island
growth at room temperature. Additionally, the island in the lower left
corner, which is attached to a substrate step edge, changed in shape while
scanning. Interestingly, upon reshaping, the islands tend to form straight
step edges. When comparing the shape of this island in Fig. 7.16(a) with
(f) the initially frayed edges become straight. This indicates that straight
edges are more stable than kinked edges, which can be explained by the
increased coordination number of the C60 molecules forming the edges.
For a straight edge, an edge C60 molecule has three neighbors while more
corrugated edges would result in a smaller coordination number. The C60

molecules that have detached from the island are observed to move to
nearby step edges or C60 islands in the vicinity. Moreover, they might
be anchored to surface defects, which could explain the increase in single
bright protrusions seen in this image series.
No significant manipulation events could be identified here. In particular,

positive frequency shift values were not observed. Thus, despite the fact
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that clear tip-induced repulsive manipulation processes exist as demon-
strated in Fig. 7.13, the mechanism of manipulation in Fig. 7.16 is not as
clear.

Conclusion

In summary, almost quadratic pits were created in ordered C60 islands us-
ing NC-AFM at room temperature. Upon gradually approaching the tip
towards the surface, the interaction strength of the NC-AFM tip with the
C60 molecules can be increased until manipulation is induced. Analyzing the
frequency shift curves during manipulation allows for determining the ma-
nipulation mode and unambiguously assigning the observed manipulation
to repulsive tip-sample interaction. Retracting the tip after manipulation
allows for reproducible imaging and evaluating the manipulation result. Be-
sides hole formation, the movement of a domain boundary by one repeat
distance was observed. This movement is associated with the manipula-
tion of a stacking fault and a rather large mass transport. Additionally, we
observed reshaping and removal of islands. For the latter manipulation the
detailed mechanism is not clarified yet.
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T o control the growth process for successfully employing self-assembly
techniques in device fabrication, a detailed knowledge of both, inter-

molecular as well as molecule-substrate interactions is required.9,39 There-
fore, in this section, a prototypical molecule-insulator system, which is
represented by C60 on the atomically flat CaF2 (111) surface is selected
to analyze and quantify the molecular diffusion and island formation in a
wide temperature regime.
In the first part (Sec. 8.1), the parameters of diffusion, which are the

diffusion barrier and attempt frequency, are determined employing the on-
set method (see Sec. 4.3). Using this method, the diffusion barrier has
been determined for a few molecular systems on metallic and semicon-
ducting surfaces.59,60 On insulating surfaces, however, quantitative analysis
of molecular diffusion has been performed very rarely so far,61–65 reveal-
ing diffusion barriers ranging from 100 to 400 meV.61–63 The latter ex-
periments were, however, not accomplished under UHV conditions in all
steps. Such experimental conditions result in an increased surface con-
tamination and may, therefore, alter molecular diffusion and influence the
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island density and island size distribution.28 Therefore, the work was per-
formed under UHV conditions, revealing quantitative results that were not
affected by surface contaminants.
In the second part (Sec. 8.2), island structures are analyzed in more

detail. Different C60 island structures emerged depending on the sub-
strate temperature in a narrow regime around room temperature. Ba-
sically, peculiar hexagonal branched islands and triangular compact islands
emerge. The observed island structures are explained by a thermally acti-
vated dewetting process of molecules hopping from the surface onto first
layer islands. It was possible to monitor the dewetting process during
island evolution in time-resolved imaging. Attention is especially paid to
the hexagonal branched island structures. The formation of these pecu-
liar islands on the CaF2 (111) surface is attributed to the special order and
spreading of the energies related to the molecular processes on the surface
(see Sec. 4).
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Figure 8.1: In (a) and (b)
NC-AFM images (topogra-
phy) are shown, prepared
at a substrate temperature
TS = 169K with subse-
quent quenching to 92K.
Clearly, two domains are
observed. These domains
are rotated with respect to
each other by an angle of
38◦±2◦, in good agreement
with the value determined
in Ref. 165. (c) Model
for the two different is-
land types as previously sug-
gested by Fölsch et al. using
reflection high-energy elec-
tron diffraction.165,166 The
C60 molecules arrange in
a hexagonal configuration,
with a nearest-neighbor dis-
tance close to that of a
bulk C60 crystal. Two dif-
ferent domains exist with
close-packed C60 directions
parallel to the CaF2 [2̄1̄3]
and [3̄12] direction, respec-
tively. The angle between
both domains amounts to
38.2◦. Note that the ex-
act adsorption sites remain
unknown and that arbitrary
positions are chosen in the
sketch.

8.1 Growth of C60 islands at low temperatures

Directly after the preparation of the bare CaF2 (111) surface (see Sec. 5.2),
the sample was cooled down to a defined substrate temperature between
TS = 96K and TS = 217K by a liquid nitrogen flow cryostat thermally
coupled to the sample holder. The temperature was adjusted and sta-
bilized by regulating the liquid nitrogen flow through the cooling plate
beneath the sample. Once the desired temperature was stabilized (≈
0.5 h), the C60 molecules were deposited with a deposition rate (flux) of
F = 5 × 10−4 s−1nm−2 (see Sec. 6.1).
After C60 deposition, the sample was quenched to 92K and transferred

into the AFM situated in the same UHV system. Measurements were per-
formed with the RHK 750 variable temperature force microscope under
UHV conditions (see Sec. 3). Results shown in Fig. 8.1, however, were
obtained with the Omicron VT-AFM 25 system. To minimize long-range
electrostatic interactions, an appropriate bias voltage not exceeding ±10 V
was applied to the tip. The temperature on the cleaved sample surface
differs from the one measured at the cooling plate beneath the sample.
Because the temperatures directly on the surface are of interest, the sur-
face temperature was calibrated once with a type K thermocouple directly
glued onto the sample surface. An error of ∆TS = ±5K for the tempera-
ture measurement is assumed.

Adsorption geometry

An overview image of the C60 island formation on CaF2 (111) prepared
at a substrate temperature of TS = 169K is shown in Fig. 8.1(a). As can
clearly be seen, all islands exhibit an overall hexagonal shape. A closer
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8 C60 molecules on the CaF2 (111) surface

Figure 8.2: Overview im-
ages of C60 island on CaF2
(111) prepared with cover-
ages ranging from 0.10ML to
0.55ML at a substrate tem-
perature of TS = 217K. On
the islands second layer nu-
clei are evident.

inspection of the orientation of the islands with respect to the substrate
reveals a grouping of islands into two different domains as illustrated in
Fig. 8.1(a) by solid red and dashed blue hexagons, respectively. The sides
of islands from different domains enclose an angle of 38◦±2◦, as shown in
Fig. 8.1(b). In Fig. 8.1(c) a structural model for the possible arrangement of
C60 molecules on the atomic lattice is presented that would result in an an-
gle of 38.2◦ between the two domains. This model is in perfect agreement
with previously presented results from Fölsch et al. who have studied the
adsorption of C60 on the CaF2 (111) by means of reflection high-energy
electron diffraction.165,166

Assuming single jumps of molecules between the adsorption sites de-
fined by this model, a single jump length of l = 386 pm (distance between
two adsorption sites) is defined. The area of an adsorption site that is a
hexagonal unit allowing for an area-filling coverage of the surface without
overlap amounts to Ω =

√
3 / 2l2 = 1.29 · 105 pm2 (a single adsorbed C60

molecule covers about six adsorption sites). Jump length and adsorption
site area are marked in Fig. 8.1(c).
When preparing islands at substrate temperatures larger than 220K, C60

molecules appear to nucleate in the second layer, however, this will not
be discussed here but in the following section. The second layer occupa-
tion does arise from direct impinging molecules as well as from molecules
dewetting from the surface to the second layer.46 To facilitate an unam-
biguous island size distribution analysis, care was taken to restrict this ex-
periment to single-layer islands. Overview images from samples prepared
with different coverages at a substrate temperature TS = 217K are shown
in Fig. 8.2. The second layer’s coverage is seen as tiny bright structures
on top of islands. All of the different coverages exhibit a second layer nu-
cleus. The first and second layer’s coverage is compared with the total
coverage in Fig. 8.3(a). It is evident that the percentage of the second layer
nucleus rises with increasing coverage. Thus, the present study is limited
to substrate temperatures TS ≤ 220K and coverages θ ≤ 0.28ML. In this
regime, the islands exhibit only very few C60 molecules in the second layer.
A detailed image of a second layer nucleus can be seen in Fig. 8.1(b). At
the highest temperature used here (217K) the second layer occupation is
5% at 0.1ML and rises to 14% for 0.28ML. At all lower temperatures, the
second layer occupation is smaller than 5% at a coverage of 0.1ML.

Determining the critical island size

To obtain the critical island size from experiments, the island size distri-
bution na is analyzed for different coverages at a fixed temperature and
compared to the theoretical island size distributions for different i∗ like
described in Sec. 4.4.
This was accomplished in a series of molecular adsorption experiments
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8.1 Growth of C60 islands at low temperatures

Figure 8.3: (a) First and
second layer’s coverages in
comparision to total cover-
ages ranging from 0.10ML
to 0.55ML. The percent-
age of the second layer
is growing with increasing
coverage. (b) Histogram
of the island size distribu-
tion for different coverages
θ. (Note that each data
point represents an inter-
val of island sizes, which
is 2174 nm2, 5731 nm2 and
7984 nm2 for the triangles,
circles and squares, respec-
tively.) Upon molecule de-
position, the sample tem-
perature was held at TS =
217K. For measurements,
the sample was quenched to
92K. The maximum relative
error is ±8% for the ab-
scissa and ±12% for the ordi-
nate. The error mainly orig-
inates from thermal drift is-
sues. Comparison with scal-
ing functions fi∗ (a / A) for
different i∗ gives strong ev-
idence for a critical island
size of i∗ = 1.

with coverages ranging from θ = 0.10ML to θ = 0.28ML performed at a
substrate temperature of TS = 217K. Samples were quenched to 92K for
NC-AFM measurements. Island sizes were determined from topography
images, using the threshold marking functionality fromGwyddion. Artifacts
were manually removed before exporting the island size distributions. The
island sizes may be shifted due to thermal drift, the size of the tip apex
and feedback settings. These issues will be discussed in the following. To
estimate the maximum error of drift effects, a rather large lateral drift
of 0.1 nm/s for the slow scanning direction is assumed. Thus, for typical
scanning parameters (frame size 3000 nm × 3000 nm and time 1000 s per
frame) the relative error is about 3%.167 For the error arising from the
size of the imaging tip, a typical tip size of 10 nm is assumed. This yields a
relative error of 0.4 % at a frame size of 3000 nm× 3000 nm. Thus, the size
of the tip is negligible for the analysis of large frames. Moreover, feedback
settings may affect the apparent island size, e.g. with slow feedback settings
the islands get elongated on the rear site along the fast scanning direction.
In these cases, a comparison of the forward and backward scan clarified
the outer shape of the island.
The data of the scaled island size distribution naA

2 / θ plotted against
the normalized island size a / A for three different coverages is shown in
Fig. 8.3(b). As expected, the scaled data points lie on one smooth curve
except for the deviations due to experimental errors. Scaling functions
fi∗(a / A) were calculated for i∗ = 1, 2, 3 according to Eqn. 4.29. Clearly,
the experimental data is best described by the model curve for i∗ = 1 at
TS = 217K. In other words, dimers and all larger clusters are stable at
217K and are not assumed to decay.
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8 C60 molecules on the CaF2 (111) surface

Figure 8.4: (a) NC-AFM
images (topography) at a
coverage of θ = 0.10ML
at different substrate tem-
peratures between 96K and
217K.With decreasing tem-
perature, the island density
increases. Islands are one
monolayer high, with an in-
significant second layer nu-
cleus (see main text). The
scale bare applies to all im-
ages. (b) Upon decreas-
ing substrate temperature
TS the island density N̂ in-
creases and is assumed to
follow Eqn. 4.25. The slope
reveals the diffusion barrier
to Ed = (214 ± 16)meV.

Determining the diffusion barrier and attempt frequency

Using the critical island size from the previous experiment, the diffusion
barrier Ed and the attempt frequency ν0 can now be determined exploiting
the dependence of the island density on temperature (see Sec. 4.3). This
has been accomplished by procedures described in the following.
The sample was prepared with a fixedmolecular coverage of θ = 0.10ML

at temperatures TS between 96K and 217K and quenched to 92K for NC-
AFM measurements. Representative images obtained at several substrate
temperatures are compiled in Fig. 8.4(a). At each temperature TS, the is-
land density per adsorption site N̂ was determined from the images. A
total of 1300 islands accounts for the statistics. For each temperature, an
error of ∆N̂ = 4% for the island densitiy is assumed. In Fig. 8.4(b), ln N̂
versus T−1

S is plotted and it can be seen that the data points follow a linear
dependence.
The critical island size i∗ = 1 was determined at TS = 217K and can

also be applied to lower temperatures. This is reasonable by the following
two self-sufficient arguments. The critical island size was determined to be
i∗ = 1 for the highest temperature (TS = 217K). For lower temperatures,
the critical island size is expected to get smaller. Because islands are ev-
ident even at the lowest temperature (TS = 96K), the critical island size
cannot be smaller than one. Therefore, i∗ = 1 can be assigned to the whole
temperature regime between 96K and 217K. The other argument relies
on the linear dependence of the data points in Fig. 8.4(b). If the critical
island size would change, a kink would be expected in plotting ln N̂ versus
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T−1
S (see Eqn. 4.25). However, in Fig. 8.4(b) no distinct variations from a
linear dependence are observed for lower temperatures. Therefore i∗ = 1
determined at TS = 217K, can safely be assigned for island growth between
96K and 217K.
From the slope of the linear regression of the data, a diffusion barrier

of Ed = (214 ± 16)meV is derived according to Eqn. 4.25. The attempt
frequency ν0 = 1.4 · 1012±0.6 s−1 is taken from the axis intercept according
to Eqn. 4.26.

Conclusion

In summary, the diffusion of C60 molecules on the atomically flat CaF2 (111)
surface at various substrate temperatures was analyzed under the clean
conditions of an ultra-high vacuum. At low temperatures, the coexistence
of two domains, with a hexagonal island shape was observed. For the
determination of the diffusion parameters island densities and island sizes
were analyzed instead of observing single-molecule hopping events. The
critical island size (i∗ = 1) and the diffusion barrier (Ed = (214 ± 16)meV)
was determined for this system.
The value for the diffusion barrier agrees well with the general picture

of a weak molecule-substrate interaction in the case of insulating surfaces
(Ed . 400meV).61–65 The obtained diffusion barrier is much lower than
the diffusion barrier of C60 molecules on metal surfaces, e.g. 1400meV on
Pd(110).35 Moreover, the attempt frequency ν0 ≈ 1012 s−1 lies within the
range of previously reported values for large molecules (1010

to 1014 s−1).34–36

The knowledge of the diffusion barrier plays a major role in exploit-
ing molecular arrangements at different temperatures. It is, for example,
possible to tune the island density by varying the substrate temperature.
Thereby, a specific density of uniformly shaped C60 clusters can be created,
which is of great importance for future molecular electronics, e.g., for the
use as nano-pads.145
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8 C60 molecules on the CaF2 (111) surface

Figure 8.5: NC-AFM im-
ages (topography) of C60

molecules on the CaF2 (111)
at elevated temperatures.
(a) At a substrate tempera-
ture TS = 297K branched
islands emerge. Islands are
one layer high but have a
second-layer outer rim. The
outer shape is hexagonal.
(b) At TS = 308K branched
and compact triangular two-
layer high island coexist. (c)
At TS = 319K only the trian-
gular type of islands remains
to exist.

8.2 Growth of C60 islands at and above room
temperature

As described in Sec. 5.2, the CaF2 (111) surface is heated after the cleavage
procedure. After this heating interval the sample cools down to room tem-
perature due to heat exchange with the surroundings. During this cooling
process, C60 molecules were deposited for 2min in different experiments
with the sample temperature TS at 319K, 308K and 297K. At these tem-
peratures the heat exchange is slow and the substrate temperature ap-
proximately falls with a rate of 0.2K/min. Due to the slow heat exchange,
the sample temperatures are assumed to be constant during the deposi-
tion interval of 2min. Measurements took place when the sample was in
thermal equilibrium with the surroundings (TS ≈ 297K) and were per-
formed with the RHK 750 variable temperature force microscope and the
Omicron VT-AFM 25 system under UHV conditions (see Sec. 3).

Island shapes

Upon sublimating C60 molecules at substrate temperatures in the range of
297K≤ TS ≤ 319K, island morphologies are different from the ones at
low substrate temperatures.
Upon deposition at 297K, the islands have an overall hexagonal outer

shape (Fig. 8.5(a)). However, the inner structure is branched and the com-
position is complex. Two exemplary islands are shown in Fig. 8.6(a) and (b)
with a corresponding line scan given in (d). These islands are one layer high
but have second-layer outer rims, such that first-layer regions are enclosed
by second-layer rims. Only very few first-layer regions without a second-
layer rim were identified. In the following, this type of island is referred to
as T1. This particular type of island has previously been observed on alkali
halides.46,111 Taking a closer look at T1 islands, two subtypes can be dis-
tinguished. The first subtype T1a (Fig. 8.6(a)) does not exhibit a common
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8.2 Growth of C60 islands at and above room temperature

Figure 8.6: (a-c) NC-AFM
images (topography) of C60

molecules on the CaF2 (111)
at elevated temperatures.
(a) Hexagonal branched
T1a island. (b) Hexagonal
branched T1b island. (c)
Triangular compact T2
island. (d) and (e) are line
scans from (b) and (c),
respectively. The positions,
where the line scans were
taken, are indicated in (b)
and (c), respectively

inner framework, whereas the second subtype T1b (Fig. 8.6(b)) exhibits a
second-layer structure consisting of three branches in the middle of the
islands.
Upon deposition at 319K, islands are compact with a triangular shape

(Fig. 8.5(c)). An exemplary island is shown in Fig. 8.6(c) with a correspond-
ing line scan in (e). The triangular islands always consist of two complete
C60 layers. This is evident even at very low coverages. At higher cov-
erages, the third and every higher layer is growing in a dentritic manner
on top of the underlying C60 layers. In the following, this type of island is
referred to as T2.
Between 297K and 319K, a regime exists, where both distinct types of

islands T1 and T2 coexist. At 308K, e.g., the fractions of both types are
approximately equal as can be seen in Fig. 8.5(b).

Evolution of the island growth

In the following, these different structures will be analyzed in more detail
and the formation of the distinct types of islands will be described qualita-
tively. The model of island formation was developed in close collaboration
with and (Universität Osnabrück).
As seen before (Fig. 8.1), the first C60 layer is growing with a perfect
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8 C60 molecules on the CaF2 (111) surface

Figure 8.7: Dewetting pro-
cess. A freely diffusing
molecule attaches to two
first-layer molecules and can
dewet to the second layer,
where it is attached to three
molecules. During dewet-
ting, the molecule is always
attached to two molecules
and has only to detach from
the surface.

hexagonal shape at low temperatures. This was ascribed to the isotropic
diffusion on the surface and the intermolecular interactions, which favor
the hexagonal arrangement of the C60 molecules as in the bulk structure.
At elevated temperatures (297K≤ TS ≤ 319K), which are discussed now,
the diffusivity on the surface is enhanced, thus, it is expected that the first
layer again forms islands with a hexagonal arrangement like in the bulk
structure.
However, elevated temperatures allow for a new process to be ob-

served, resulting in qualitatively new island shapes. A thermally activated
dewetting process favors C60 molecules attached at the outer edges of
an island to jump to the second layer. This dewetting process is favored
by the relatively weak molecule-substrate interaction compared to the in-
termolecular interaction. The dewetting process is responsible for the
second-layer outer rims of T1 islands and the completed second layers of
T2 islands. At low temperatures, the dewetting process is hindered. This
can be concluded from the rather low second-layer occupation at temper-
atures TS ≤ 217K (see previous section). Thus, the dewetting process
becomes significant in the temperature regime between 217K and 297K.
In Fig. 8.7, the dewetting process is sketched. Initially, molecules at-

tached to an island edge are in-plane coordinated to two molecules of the
first layer. Additionally they are bonded to the surface. However, such
molecules can gain a higher coordination by dewetting to the second layer.
Molecules in the second layer are coordinated to three underlying first-
layer C60 molecules. For dewetting, molecules only have to detach from
the surface, but keep coordinated to the initial two C60 molecules. Once
molecules have dewetted, they can diffuse on the second layer. If diffusion
in the second layer is slow, molecules will stay for a while at the island’s bor-
der where they have dewetted. Such molecules promote the dewetting of
further molecules: freely diffusing molecules on the substrate surface have
an additional appeal to dewet, as they also gain an in-plane coordination in
addition to the basic three-fold coordination to the underlying first layer.
Before, dewetting has been observed for various molecule species on dif-

ferent surfaces. On metal and semiconductor surfaces, molecular dewet-
ting mainly results in compact islands.168–173 Branched structures have not
been observed on these surfaces. On many insulator surfaces molecular
dewetting was observed.46,108,111,135,174–178 However, branched structures
similar to the ones presented within this section, have been appeared only
for C60 molecules on the KBr(100) and NaCl(100) surface.108,111 But no
model has been presented yet, explaining the origin and evolution of these
structures on a molecular level. This is accomplished here. In the fol-
lowing, a molecular model is proposed, explaining different paths of island
evolution supported by temperature-dependent and time-resolved mea-
surements.
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8.2 Growth of C60 islands at and above room temperature

Figure 8.8: Model for the
orgin of type T1a islands. A
second-layer rim is growing
around the hexagonal
shaped first-layer island.
When two rims approach, a
cutout grows to the interior
of the island.

For the evolution of a T1a islands, initially a hexagonal first layer exists.
Assuming that the diffusion of single molecules on the surface and the for-
mation of first-layer islands is faster than the dewetting process, in a first
step, a hexagonal first layer grows (Fig. 8.8(a)). In a next step, due to rare
dewetting processes or, very unlikely, due to direct deposition of mole-
cules onto the first layer, a second-layer occupation at the border of the
first-layer island can emerge (Fig. 8.8(b)). Nearby this nucleus, dewetting of
diffusing molecules is promoted. Molecules dewetting at such a nuleus gain
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a higher coordination than molecules dewetting without a second-layer nu-
cleus nearby. Thus, molecules preferentially dewet to the two positions
at both ends of the nucleus, likewise sketched in Fig. 8.8(b,d). Molecules,
which have dewetted to these positions, are characterized by a three-fold
coordination to the underlying first layer and (at least) one additional co-
ordination to a second-layer’s molecule. In this way, the nucleus grows
like a wall around the island (Fig. 8.8(e)). Molecules, which dewetted to
the second layer, can further diffuse and will not necessarily stay at the
position where they have dewetted. Dewetted molecules will prefentially
remain at the second-layer nucleus and diffuse along its border to keep a
high coodrination rather than detaching from the nucleus. In this way, the
dewetting positions can be used for more than one molecule to reach the
second layer. Thus, the rim around the island does not consist of a single
row of C60 molecules.

In principle, also molecules forming the straight edges of the island’s
first layer have the possibility to account to the second-layer occupation
through dewetting. But, these molecules are four-fold coordinated and,
therefore, dewetting is energetically much more unlikely than dewetting
of freely diffusing molecules at the island’s edges, which are only two-fold
coordinated. In addition, the four-fold coodinated molecules have to de-
tach from two of the four nearby molecules for dewetting. In contrast,
freely diffusing molecules attached to two edge molecules do not need to
detach from these molecules during detwetting, as explained before and
sketched in Fig. 8.7. In consequence, the rims grow almost exclusively by
dewetting of freely diffusing molecules. But, when the two rim termina-
tions approach each other, the dewetting process changes in nature. The
rims are not feed by freely diffusing molecules any more. Because dewet-
ting of freely diffusing molecules becomes less likely, now, the much slower
dewetting of molecules in the straight edges of the first layer is assumed
to come forward (Fig. 8.8(f-i)). Thus, a cutout is formed extending the rim
to the interior of the island. The growth process of this newly created rim
is the same as described for the outer rim. In this way, inner first-layer
regions get encapsulated by second-layer rims.

The sequence of NC-AFM images in Fig. 8.9, which was taken about
90min after molecule deposition, supports the proposed mechanism for
the evolution of T1a islands. In Fig. 8.9(a), a hexagonal island with a second-
layer outer rim is shown, which is not yet closed. From Fig. 8.9(b) to (j),
a cutout forms within 122min. After the cutout has formed, the island
was observed for further 96min, but no further changes were recognized
(Fig. 8.9(j-l)).

From this sequence of images, the speed of dewetting can be determined.
Thereby, the evolution of a cutout can be quantified, which will be useful
for a comparison with simulations. For this purpose, the evolution the
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Figure 8.9: Evolution of
a cutout imaged with NC-
AFM (topography). First, a
second-layer rim is formed
around the hexagonally
shaped first layer. At the
encounter of both ends of
the rim, a cutout grows to
the interior of the island.
The molecules from the
cutout dewet and form a
rim around the cutout.

cutout’s area is analyzed. Due to the fact that the molecules arrange in
a close-packed structure, the area of the cutout can be converted to the
number of dewetted molecules. Moreover, the perimeter of the cutout
is measured and converted to the number of molecules along the cutout’s
perimeter. In Fig. 8.10, the time evolution of both, the number of dewetted
molecules Na(t) and the number of molecules at the perimeter Np(t) is
plotted. About 4500 molecules dewetted in total. From the ratio of Na(t) /
Np(t) the average width of the second-layer’s rim around the cutout can
be estimated to be ten molecules. Analyzing the cutout’s evolution within
time, the development can be divided in two parts. First, a large main
cutout is formed. From Fig. 8.10 it is apparent that the growth of the
cutout is not linear, but accelerates. After 79min the cutout is almost
closed (Fig. 8.9(e)). However, the evolution of a further process emerge
at which an appendix forms from 79min to 122min. A further evolution of
the appendix with an accompanied acceleration of the dewetting process
is hindered because the cutout reaches the outer rim of the island. For
the appendix, about 700 molecules have dewetted within 43min. This is
similar to the initial speed of the main cutout, where about 650 molecules
have dewetted within the first 37min. Thus, both cutouts have formed
with almost the same speed in the beginning.

As noted before, the dewetting of the freely diffusing molecules, which
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forms the outer rim, is assumed to be much faster than the dewetting of
island’s molecules forming the rim of the cutout. This is supported by
the times scales in Fig. 8.9. The cutout with a perimeter of approximately
450 molecules has formed within 122min, whereas the outer rim with
a perimeter of 950 molecules has formed in less than 90min. Both, the
rim of the cutout and the outer rim have almost the same width of about
10 molecules. Therefore, the average speeds can be assigned to about 40
molecules per minute for the dewetting at the cutout and to approximately
100 molecules per minute for the dewetting forming the outer rim. This
simple comparison indicates a larger speed of the evolution of the outer
rim than the evolution of the cutout. It has to be emphasized that the
90min for the forming of the outer rim of freely diffusing molecules is much
overesimated. Freely diffusing molecules are assumed to decay rapidly after
deposition. Thus, the outer rim must have formed in an about one order
of magnitude smaller timescale.

Figure 8.10: At the top,
the total number of mo-
lecules that have dewetted
form the cutout Na is plot-
ted against the time (data
from Fig. 8.9). In total,
about 4500 molecules have
dewetted within 122min.
The process is not linear,
but accelerates. The pro-
cess can be divided in the
forming of a main cutout
and an additional appendix.
At the bottom, the evolu-
tion of the perimeter Np is
shown.
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Figure 8.11: Model for the
origin of T1b islands. An
initial second-layer nucleus
in the middle of a hexago-
nally shaped first-layer island
grows until it reaches the
border of the island. From
the place, where a second-
layer branch has reached a
border, a second-layer rim is
growing around the island. If
two rims approach, a cutout
grows to the interior of the
island.

In contrast to T1a islands, T1b islands exhibit an initial second-layer nucleus
in the middle of the island (Fig. 8.11(a)). This nucleus grows in each of its
three directions by dewetting of diffusing first-layer molecules (Fig. 8.11(b)).
At T1b islands, dewetted molecules are not detained at the border by other
second-layer molecules. This is in contrast to the evolution of T1a islands,
where dewetted molecules are hindered from free diffusion within the sec-
ond layer by molecules at the borders of the island. But in comparison to
T1a islands, the second-layer nucleus of T1b islands grows slower, because
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Figure 8.12: Dewetting at
A and B edges and at cor-
ners. For dewetting at A
edges two molecules have
to encounter at an A edge.
Thus, one of the molecules
can jump over the other to
attach to the second-layer
nucleus. Like at A edges,
two molecules also have to
meet at the island’s cor-
ners for dewetting. How-
ever, for dewetting at cor-
ners, the molecule, which
dewets is only two-fold co-
ordinated in the first layer.
In contrast, at A edges the
molecule, which dewets is
coordinated to three mole-
cules. Thus, dewetting at
corners is more likely/faster
than at A edges. In contrast,
at B edges, three molecules
have to meet in order for a
dewetting event. Thus, this
process is the slowest.

no second-layer molecules at the border promote the dewetting process.
Where a growing second-layer branch reaches the border of the island,

the dewetting process is promoted (Fig. 8.11(c)). Thus, a second-layer rim
is growing like for T1a islands, as sketched in Fig. 8.11(c-e). When two
rims approach each other, a cutout is formed (Fig. 8.11(f-h)).
Islands of type T2 are fundamentally different from T1 islands. They have

a triangular outer shape and always possess a complete second layer. In
Fig. 8.13, the proposed mechanism for the evolution of this kind of islands
is sketched. Prerequisite for the evolution of a T2 island is a full second
layer of a small nucleus (Fig. 8.13(a)) through dewetting or, very unlikely,
through direct deposition in the second layer. For the further evolution,
freely diffusing molecules are required. Freely diffusing molecules are most
evident during the deposition regime. Shortly after deposition, almost all
molecules are assumed to be involved in stable islands due to the small
diffusion barrier on the surface. Because of the second layer’s occupation,
two different kinds of edges exist, A and B edges, as sketched in Fig. 8.12
and in Fig. 8.13(b) in more detail. At A edges the encounter of two mole-
cules is required for a dewetting process. One of the molecules can jump
over the other to attach to the second-layer nucleus. In contrast, dewet-
ting at B edges requires three molecules to encounter. Thus, dewetting at
B edges is less likely than at A edges. A special case are the island’s corner
positions. At corners two molecules have to encounter for a dewetting
process, like at A edges. However, at corners molecules are only two-
fold coordinated in the first layer before dewetting, whereas molecules
are three-fold coordinated before dewetting at A edges. Thus, dewetting
at corners is more favourable than dewetting at A edges and therefore the
fastest of the three mentioned dewetting processes. In consequence, freely
diffusing molecules arriving at islands edges most favorable dewet at the A
edges and corners. Thus, considering the island’s outer shape, islands are
expanding faster perpendicular to A edges than perpendicular to B edges,
which is pointed out in Fig. 8.13(c-f). In other words, B edges prolongate
and A edges shrink. This yields a tapering of the B edges, resulting in the
triangular outer shape (Fig. 8.13(f)). As a consequence, the island’s shape is
induced by the second layer. Note that A and B sites exist only for freely
diffusing molecules dewetting at an island edge. On the second layer itself,
no A or B sites exist.
As explained, T2 islands establish through dewetting of freely diffus-

ing molecules. Therefore its growth mainly takes place in the deposition
regime. In contrast, the branched structures of T1 islands do not need
freely diffusing molecules, because the rims of the cutouts are fed with
molecules from inner regions of the island. The evolution of the cutouts
is rather slow, such it can mainly be assigned to be a post-deposition phe-
nomenon. This is also evident from experiment (Fig. 8.9).
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Figure 8.13: Model for the
origin of T2 islands. Due
to an initial full second-layer
nucleus, A and B edges oc-
cur. Dewetting at corners
and A edges ist faster and
more favorable than dewet-
ting at B edges. Thus, B
edges grow faster than A
edges. Due to the tapering
of the B edges, a triangular
island is shaped.

From the model it is apparent that the evolution of T2 islands requires
a higher substrate temperature (at same deposition rate) compared to T1
islands. A higher temperature favors the thermally activated dewetting
process. For T2 islands, dewetting has to be faster than the arrival of
free diffusing molecules at the island edges to expose always the edges of
the the second layer to newly attached first-layer molecules. However, if
molecules would arrive faster than they can dewet, by means of a lower
substrate temperature, the first layer would grow faster than the second
layer. Thus, a large first layer would form with a smaller second-layer
nucleus at the rim or in the middle of the island. This is exactly the initial
state of T1a and T1b islands, respectively.
Thus, from the model, one would expect T1 islands to be prevalent at

lower temperature and T2 islands to be prevalent at higher temperatures.
Also a regime is expected, where both types of island coexist. This is in
perfect agreement with experiment as demonstrated in Fig. 8.5.
In addition to the many experimental evidences supporting the proposed

model of island evolution, ongoing Monte Carlo simulations ( ,
Universität Osnabrück) support the picture given here. However, the sim-
ulation are not completed and will be presented elsewhere.
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8 C60 molecules on the CaF2 (111) surface

Figure 8.14: Order of en-
ergies at different circum-
stances as described in the
main text and in Tab. 8.1

Island growth on metal and insulating surfaces

Comparing the diffusion and dewetting processes of a molecule on a metal
surface with the same processes on an insulating surface, both systems ba-
sically differ in the diffusion barrier of the molecules on the surface Ed,1 and
the dewetting barrier Edewet. The barrier for diffusion in the second layer
Ed,2 is very similar if not identical for both system, as it is mainly ruled by
the intermolecular interactions. Assuming the temperature is chosen high
enough to allow diffusion on the substrate (given by Ed,1), while still allow-
ing stable first-layer islands to form, fundamentally different island shapes
may arise due to these different energy barriers when comparing metal
and insulating surfaces. This is sketched in Fig. 8.14 and explained in the
following.
For a molecule-metal system (Fig. 8.14(a)), the molecule-substrate inter-

action is usually stronger than on an insulating surface. Therefore, both,
the diffusion barrier on the substrate Ed,1 and the dewetting barrier Edewet
are larger on a metal surface compared to an insulating surface. By choos-
ing a temperature activating diffusion (Ed,1) and first-layer formation on the
substrate, the energy barrier for diffusion in the second layer is well over-
come (Ed,2 < Ed,1). Therefore, if dewetting occurs, the temperature will
be sufficiently high for the molecules to easily migrate on the second layer
away from the border where they have dewetted. Molecules will grow in
a compact manner on top of the first layer. Thus, dewetting is possible,
but no branched structures will arise.
In contrast, for a molecule-insulator system, like sketched in Fig. 8.14(b),

the diffusion barrier on the substrate Ed,1 and the dewetting barrier Edewet
are strongly decreased due to a weaker molecule-substrate interaction.
The barrier for diffusion in the second layer Ed,2 is the same as for the pre-
viously discussed molecule-metal systems. However, the vital difference is
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8.2 Growth of C60 islands at and above room temperature

Table 8.1: Descriptions of
the energies sketched in
Fig. 8.14

Energy Description

Ed,1 energy barrier for diffusion of molecules on the sub-
strate

Ed,2 energy barrier for diffusion of free molecules in the sec-
ond layer

Ed,2∗ energy barrier for diffusion of molecules along a
second-layer nucleus

Edewet energy barrier for dewetting of molecules

Edewet∗ energy barrier for dewetting of molecules, promoted
by second layer molecules

the much lower dewetting barrier Edewet at the molecule-insulator system.
The dewetting barrier Edewet and the barrier for diffusion on the second

layer Ed,2 are in close vicinity so that both processes happen at about the
same time scale. Thus, molecules which have dewetted have the chance
to trigger more molecules to dewet before they have a chance to move
away from the border to the interior of the island. Clusters of two or
more molecules at the border are assumed to be stable and trigger more
molecules to dewet.
In Fig. 8.14(c) the energetical situation is sketched, if a second layer nu-

cleus has formed at the island border. The dewetting barrier Edewet∗ is
lowered, as molecules can more easily dewet at both ends of the cluster
and gain a higher coordination than dewetting without a second layer nu-
cleus nearby. Molecules, which have dewetted will stay at the cluster and
move along its edges. The diffusion barrier along these edges Ed,2∗ is larger
than the barrier of free diffusion in the second layer Ed,2. In this way a rim is
forming around the island and branched structures may arise, as described
in detail before. Thus, the order of the dewetting barrier and the second-
layer diffusion barrier has changed in comparison to the molecule-metal
system in Fig. 8.14(a). This constitutes a new aspect for molecule-insulator
systems in difference to molecule-metal systems. Due to the special en-
ergetic order for the presented molecule-insulator system, molecules will
form a rim around the island and branched structures will arise, like evident
for T1 islands of C60 on the CaF2 (111) surface.
Thus, as worked out from Fig. 8.14, branched structures are not ex-

pected on metal surfaces. The change in order of the dewetting energy
and the barrier of second-layer diffusion represents the fundamental differ-
ence to a metal system and constitutes the origin of the observed branched
structures on this insulator substrate surface.
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8 C60 molecules on the CaF2 (111) surface

Conclusion

For C60 molecules on the CaF2 (111) surface, different island structures
were observed depending of the substrate temperature during molecule
deposition. In the studied temperature regime around room temperature,
branched hexagonally shaped islands emerge at a temperature of 297K,
whereas deposition at higher substrate temperatures, e.g. 319K, yields
very compact stacked triangular islands. The path of island evolution is
depicted qualitatively in agreement with temperature-dependent and time-
resolved experimental observations. Dewetting is assumed to play a major
role for the described island structures.
Thus, within this section, the processes for the evolution of unusually

branched islands on a prototypical insulator surface were uncovered at
the molecular level. Besides the expected quantitative differences (e.g.
island sizes and island density) to molecule-metal systems, the molecular
island formation presented here differs qualitatively from the ones usually
observed on metal substrates. The qualitative difference is caused by the
change in the order of the dewetting barrier and the barrier for second-
layer diffusion. This allows for a second-layer induced dewetting, resulting
in branched island structures.
This new and detailed insight into island formation on insulating surfaces

may be exploited to further craft molecular nanostructures.
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I n the experiments described in the previous sections, the molecular dif-fusivity was changed as a strategy to tune the resulting assembly of mo-
lecules on surfaces. A directed self-assembly was accomplished by surface
morphology (C60 on TiO2 (110), Sec. 7) and temperature-dependent de-
position (C60 on CaF2 (111), Sec. 8). Now, the coadsorption with a second
molecule is explored for tailoring the molecular assembly. Coadsorption
of two or more molecule species has attracted great interest in recent
years and was tested for a multitude of molecule-substrate combinations
to create novel functional structures.129,179–206 However, the coadsorp-
tion of C60 and SubPc molecules has only been tested on a metal sur-
face, namely Ag(111).129 For this system, different arrangements have been
found, e.g., parallel-running straight, separated C60 rows decorated with
SubPc molecule have been observed. Coadsorption has only been tested
for simultaneous deposition at this system.
However, for the application of such coadsorbed structures, e.g., in

molecular electronics, an insulating substrate surface is necessary. Thereto,
within this section, the principles of coadsorption of C60 and SubPc mole-
cules on an insulating surface, namely CaF2 (111) are studied.
For each experiment, bare CaF2 (111) surfaces were prepared accord-

ing to Sec. 5.2. In a first step, the growth of pure SubPc islands is analyzed
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9 Coadsorption of C60 and SubPc molecules on the CaF2 (111) surface

shortly. Hereon, SubPc and C60 molecules were codeposited onto the
surface. Two different paths of coadsorption were tested: sequential and
simultaneous deposition. Measurements took place at room temperature
and were performed with the RHK 750 variable temperature force mi-
croscope under UHV conditions (see Sec. 3). The present study revealed
that the intermixing of both molecule species can be regulated by modi-
fying the deposition order. Moreover, island structures were altered by
thermal activation.
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9.1 Growth of SubPc islands

Figure 9.1: (a) NC-AFM
overview image (topogra-
phy). The image shows
a large atomically flat ter-
race, with the SubPc islands
equally distributed on the
surface. In the lower right
corner a substrate step edge
is evident. SubPc islands nu-
cleate along this step edge.
(b) Statistic of sixty SubPc is-
lands from terraces. Islands
occupy a small surface area,
but cluster very high. (c)
NC-AFM image of a SubPc
island with a corresponding
line scan in (d).

9.1 Growth of SubPc islands

SubPc molecules (see Sec. 6.2) were deposited on the CaF2 (111) surface
to a coverage of 0.6ML within a period of 2min. During deposition, the
substrate was held at room temperature. An overview image is shown in
Fig. 9.1(a). The density of islands is approximately 19 µm−2. An analysis
of sixty islands on flat surface terraces (Fig. 9.1(b)) yields a mean occupied
surface area of 1500-3000 nm2 and a height of about 17 nm. The small
contact area compared to the extraordinary height of the islands is an
expression of the low dewetting barrier and a small attractive interaction
between the molecules and the substrate. A typical island is presented in
Fig. 9.1(c) in more detail. A line scan in Fig. 9.1(d) reveals the rounded shape
of the island. Although the atomic lattice of the substrate between the
islands was resolved, it was not feasible to resolve the molecular structure
of the islands. This can be attributed to the very compact and curved island
structure, which does not allow for imaging of a flat island’s area.
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9 Coadsorption of C60 and SubPc molecules on the CaF2 (111) surface

9.2 Sequential deposition of SubPc and C60

SubPc followed by C60

On the SubPc coated sample as shown in Fig. 9.1, C60 molecules were
deposited additionally (0.1ML in 2min). In Fig. 9.2(a) an overview image
is shown after C60 deposition. The density of the islands is equal to the
SubPc prepared sample. However, islands appear larger than observed for
the pure SubPc islands. No pure C60 islands according to Sec. 8.2 were
observed. Thus, the preexisting SubPc islands seem to act as nucleation
sites for diffusing C60 molecules.
In Fig. 9.2(b) a common island is shown in detail. The island’s outer shape

is bulky and compact. The island consists of a high nucleus in the center and
a flatter belt around. From the upper line scan in Fig. 9.2(d) it is apparent
that the center nucleus has about the same height as a pure SubPc island,
whereas the outer belt exhibits a height of 4 nm approximately. Thus, the
center nucleus of the island can be dedicated to pure SubPc. The outer
belt can be assigned to C60 molecules. A pure C60 arrangement would
result in two layer high arrangement with straight edges as demonstrated
in Sec. 8.2. Therefore, the bulky shape and the larger height of the belt
allows to conclude an intermixed phase of C60 and SubPc molecules. The
SubPc molecules of the intermixed phase are assumed to detach from the
center nucleus.

Figure 9.2: (a) Overview
image (topography) of a
SubPc prepared sample with
subsequent desposition of
C60. C60 molecules nucleate
at the initial SubPc islands.
(b) Exemplary island with a
SubPc nucleus in the center
and an additional outer belt,
consisting of a C60 /SubPc in-
termixed phase. (c) Exem-
plary island where the initial
SubPc nucleus was small and
has completely intermixed
with the C60 molecules. (d)
Line scans from (b) and (c).

84



9.2 Sequential deposition of SubPc and C60

Figure 9.3: (a) Overview
image (topography) after
heating the sample pre-
sented in Fig. 9.2 to 505K
for 30min. (b) Islands do
preserve their intermixed
outer belt, but the inner
SubPc nucleus desorbs. (c)
Line scans from (b).

As evident from NC-AFM images in Fig. 9.2(a) and (c) and the lower line
scan in (d), some island do not possess a SubPc center nucleus. Rather,
such islands often exhibit a small dip in the center. The islands can be
assigned to a situation, where the initial SubPC nucleus was small and has
completely mixed with C60 molecules. This assumption is strengthened by
the fact that the height of these islands is about 4 nm, similar to the height of
the intermixed phase of the outer belt of the previously described islands.
Trying to promote the intermixing, the sample was heated to approxi-

mately 505K for 30min and was subsequently imaged at room tempera-
ture. In Fig. 9.3(a) an overview image is presented. In the upper part of the
image, a substrate step edge is apparent where islands are aligned. Details
on the island structures are presented in Fig. 9.3(b). Like at the unheated
sample, islands consist of a 4 nm high outer belt with bulky and compact
shape. However, the inner SubPc nucleus is much smaller (right island) and
in some cases has completely vanished (left island). The spot, where the
former nucleus was situated is not occupied by the intermixed phase, but
a gap occurs. If the whole nucleus has vanished, the bare substrate can be
imaged. This is evident from line scans in Fig. 9.3(c). Thus, cavities were
produced, surrounded by the intermixed phase. Because the outer belt
does not enlarge in height or size in comparison to the unheated sample, it
is assumed that the SubPc molecules desorb from the surface upon heating.
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9 Coadsorption of C60 and SubPc molecules on the CaF2 (111) surface

Figure 9.4: (a) Overview
image (topography) after de-
position of C60 followed
by SubPc molecules. Pure
SubPc islands can be iden-
tified as small and high is-
lands, like in Fig. 9.1. C60 is-
lands preserve their charac-
teristic size and shape upon
SubPc deposition. How-
ever, the C60 island surface
appears rough, as evident
in (b) and a corresponding
line scan in (c). The line
scan also reveals that the is-
land is higher than a pure
two layer C60 island would
be. Thus, SubPc molecu-
les dewet onto the C60 is-
lands surfaces and form a
relatively flat covering.

C60 followed by SubPc

In the following, the sequential growth of C60 followed by SubPc mole-
cules is analyzed. In a first step, C60 molecules were deposited on the
surface (0.1ML within 2min). Details on the C60 island’s structures were
presented previously in Sec. 8.2. The situation after subsequent deposi-
tion of SubPc (0.3ML within 1min) is shown in Fig. 9.4(a). In comparison
to a solely C60 prepared sample some additional small islands are evident.
These islands are similar to the pure SubPc islands described in Sec. 9.1.
Therefore, these small islands are assigned to pure SubPc clusters. C60

islands keep their characteristic shape and size as they had before SubPc
deposition. However, a closer look in Fig. 9.4(b) reveals a more ragged is-
land surface than observed for pure C60 island. A corresponding line scan
in Fig. 9.4(c) reveals, in addition, that the islands are more than the two
expected C60 monolayers in height. Thus, it can be concluded that the C60

islands are covered by SubPc molecules. SubPc molecules seem to very
easily dewet from the substrate surface on top of C60 island. Dewetted
SubPc molecules do not cluster like on the bare CaF2 (111), but lay com-
paratively flat on top of the C60 islands. Thus, a perfect stack with two
layers of C60 molecules and SubPc layers on top was created, at which the
C60 layers govern the outer shape. This indicates a stronger attractive in-
teraction of the C60 with the SubPc molecules than the SubPc molecules
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9.2 Sequential deposition of SubPc and C60

Figure 9.5: (a) Overview
image (topography) after
heating the sample pre-
sented in Fig. 9.4 to 505K
for 30min. Upon heating,
SubPc islands nearly vanish.
A faintly visible SubPc island
is encircled. As evident in
(b) and a corresponding
line scan in (c), the SubPc
covering the top of the
C60 islands desorbs. The
underlying arrangement of
the C60 island is in perfect
order, shown in (d). Thus,
no intermixing has occurred
at the C60/SubPc interface.

have with the substrate surface.
In Fig. 9.5(a) an overview image is shown after heating the sample to

approximately 505K for 30min (imaging at room temperature). When
heating the substrate, it can be seen that no intermixing had occurred at the
interface of C60 and SubPc layers. Pure SubPc islands can be distinguished
as faint structures in Fig. 9.5(a), one of which is encircled. Thus, similar to
the SubPc center nucleus surrounded by C60 molecules, pure SubPc island
dissolve upon heating. The C60 islands with on-top SubPc do preserve their
characteristic shape and size. However, the SubPc layer on top desorbs to
a large extend, which can be seen at the island in Fig. 9.5(b). The C60 island
is only covered by some small residuals of SubPc, whereas the larger part
of the island exhibits a pure C60 interface. A molecularly resolved image
in Fig. 9.5(c) on top of the island proves the well ordered pure C60 island
surface. This demonstrates that C60 molecules have not intermixed with
the on-top SubPc layer. This can be assigned to the relatively stable, flat
and close-packed C60 island surface.
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9 Coadsorption of C60 and SubPc molecules on the CaF2 (111) surface

9.3 Simultaneous deposition

In the preceding section, the sequential deposition of C60 and SubPc mo-
lecules was studied in both orders. Now, the simultaneous deposition is
surveyed. Thereto, both molecules were deposited at the same time of
4min onto the bare surface. This yields a coverage of C60 at 0.2ML and
a coverage of SubPc at 1.2ML. An overview image is shown in Fig. 9.6(a).
In the middle of the image, a substrate step edge is seen, where molecu-
les nucleate. On the flat terraces, islands are equally distributed with a
density of approximately 8 µm−2. An island is presented in more detail in
Fig. 9.6(b). Islands have a flower-like shape and are very equal to the pre-
viously observed outer shapes of C60/SubPc intermixed phases, presented
in Fig. 9.2 and Fig. 9.3. In addition, a line scan reveals an island height of
about 4 nm, which is in agreement of the previously described intermixed
phases. Thus, it can be concluded that a simultaneous deposition of C60

and SubPc molecules on the CaF2 (111) results solely in intermixed islands.

Figure 9.6: (a) Overview
image (topography) of simul-
taneous deposition of SubPc
and C60 molecules. Molecu-
les cluster at the substrate
step edge running through
the image. (b) Islands on
the flat terraces exhibit a
flower-like outer shape. (c)
Islands consist of a 4 nm high
intermixed phase, similar to
the outer belts in Fig. 9.2
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9.4 Conclusion

9.4 Conclusion

On the CaF2 (111) surface, the intermixing of C60 and SubPc depends on
the order of deposition. Sequential deposition of first SubPc and second
C60 yields an intermixed phase. In contrast, for the opposite deposition or-
der, no intermixing takes place. Molecules arrange in two separated phases
which lie on top of each other with the C60 phase facing the substrate and
dictating the outer shape. The SubPc molecules form a relatively flat layer
on top. This is in contrast to the strong clustering of SubPc molecules on
the substrate surface. Upon heating, the SubPc molecules desorb from the
C60 islands, whereas the C60 islands stay in perfect order.
Thus, it was demonstrated that the deposition order can strongly af-

fect the molecular arrangement. For sequential deposition, intermixing
of the molecule species may be promoted by deposition of the particular
molecule species, which forms the less stable arrangement on the surface,
in a first step. These less stable arrangements may easily be broken up
in favor of an intermixing with the afterwards deposited molecule species.
In contrast, intermixing may be reduced or completely inhibited by firstly
depositing the molecule species with a more stable phase on the surface.
These more stable arrangements may not be broken up so easily for an
intermixing with the second molecule species.
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I n the previous section the coadsorption of C60 and SubPc was explored.
However, the SubPc have clustered very strongly which prohibited or-

dered structures to be observed in pure and coadsorbed phases. Thus,
within this section, instead of SubPc, PTCDI (see Sec. 6.3) was chosen
for codeposition with C60 on the CaF2 (111) surface. PTCDI is known to
arrange in ordered structures and nucleates in elongated, needle-shaped is-
lands on another atomically flat insultaing substrate surface (NaCl(001)).135

Thus, codepositing C60 and PTCDI, one may envision an arrangement at
which the elongated PTCDI arrangements connect the compact, dot-like
C60 islands. Thereto, the principles of coadsorption of C60 and PTCDI
molecules are studied.
For each experiment, bare CaF2 (111) surfaces were prepared accord-

ing to Sec. 5.2. In a first step, the growth of pure PTCDI islands is analyzed
shortly. Hereon, PTCDI and C60 molecules were codeposited onto the
surface. Two different paths of coadsorption were tested: sequential and
simultaneous deposition. Measurements took place at room temperature
and were performed with the RHK 750 variable temperature force mi-
croscope under UHV conditions (see Sec. 3). The present study revealed
that island formation can be regulated by modifying the deposition order,
similar to the SubPC/C60 system described in the previous section.
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10 Coadsorption of C60 and PTCDI molecules on the CaF2 (111) surface

Figure 10.1: (a) NC-AFM
overview image (topogra-
phy). The image shows
a large atomically flat ter-
race, with the PTCDI is-
lands equally distributed on
the surface. Islands are elon-
gated and exhibit a needle-
like shape. (b) PTCDI is-
land revealing the elonagted
shape and stepped arrange-
ment. (c) Statistic of sixty
PTCDI islands from ter-
races. The mean length-to-
width ratio is about six.

10.1 Growth of PTCDI islands

PTCDI molecules (see Sec. 6.3) were deposited on the CaF2 (111) surface
to a coverage of 0.1ML within a period of 2min. During deposition, the
substrate was held at room temperature. An overview image is shown
in Fig. 10.1(a). The density of islands is approximately 4 µm−2. Islands
exhibit an elongated, needle-like shape as apperent from Fig. 10.1(b). An
analysis of sixty islands on flat surface terraces (Fig. 10.1(c)) yields a mean
occupied surface area of 3600-4800 nm2. Island have mean dimensions of
30 nm×180 nm. This yields a rather large length-to-width ratio of six. In
Fig. 10.2(a) and (b) the internal structure of a PCTDI island is shown. It
is apperent that the island is stepped and consists of up to six layers of
PTCDI. The interlayer spacing is about 0.3 nm. Details of the molecular
arrangement are shown in Fig. 10.2(d). Molecules are stringed in rows by
intermolecular hydrogen-bonding. In alternating rows, molecules are con-
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10.1 Growth of PTCDI islands

Figure 10.2: Detail on
the PTCDI island shown in
Fig. 10.1(b) with frequency
shift (a) and topography
channel (b), respecively.
The NC-AFM images and
corresponding line scans
in (c) reveal that the island
consists of flat, stacked
PTCDI layers. Within the
layers, molecules arrange in
a canted phase as evident in
(d).

trarily rotated. This canted arrangement is in aggrement with the structure
commonly observed for PTCDI molecules on metal and insulating surfaces,
as described in Sec. 6.3. The molecular arrangement is similar to the (102)
surface of a bulk PTCDI crystal. This suggests that the PTCDI molecules
are not strongly affected by the CaF2 (111) surface and arrange in their
own, energetical favourable structure.
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10 Coadsorption of C60 and PTCDI molecules on the CaF2 (111) surface

Figure 10.3: (a) Overview
image (topography) of a
sample with PTCDI islands
with subsequent deposition
of C60. C60 molecules nu-
cleate at the initial PTCDI is-
lands. No isolated C60 is-
lands were observed. (b)-
(e) Detail images of C60 cov-
ered PTCDI islands. C60

molecules also form larger
patches attached to the main
elongated core.

10.2 Sequential deposition of PTCDI and C60

PTCDI followed by C60

On a PTCDI coated sample C60 molecules were deposited additionally
(0.4ML in 8min). In Fig. 10.3(a) an overview image is shown after C60 de-
position. Islands appear larger than observed for pure PTCDI islands. No
pure C60 islands according to Sec. 8 were observed. Thus, the preexisting
PTCDI islands seem to act as nucleation sites for diffusing C60 molecules.
In Fig. 10.3(b-e) common island formations are shown. A detailed view of

the island in Fig. 10.3(e) is presented in Fig. 10.4(a). Islands consist of a nar-
row, elongated core. Arround this core, larger flat areas are attached. The
stacked layers of the island are clearly visible. From line scans in Fig. 10.4(b)
it is evident that the interlayer spacings are multiples of the spacing of close-
packed C60, which is 0.8 nm. In addition, the image in Fig. 10.4(c) shows
a hexagonal close-packed arrangement on top of the island. Underneath
the elevated broad body running from the lower right to the upper left,
the PTCDI core is suspected. This indicates that the initial PTCDI island
is completely covered by C60 molecules whereas also patches of pure C60

arrangement have formed around the PTCDI core. Thus, C60 molecules
preferential attach to PTCDI islands and easily dewet on top of the PTCDI.
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10.2 Sequential deposition of PTCDI and C60

Figure 10.4: (a) Detail of
Fig. 10.3(e), showing a C60

covered PTCDI island. The
PTCDI core lies under-
neath the central elongated
elevation. Line scans in
(b) reveal an interlayer
spacing of approximately
0.8 nm. (c) NC-AFM image
(frequency shift, filtered)
on top of a C60 covered
PTCDI island showing a
hexagonal arrangement,
which can be identified as
close-packed C60 layers.
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Figure 10.5: (a) Overview
image (topography) of a
sample covered with C60 is-
lands with subsequent depo-
sition of PTCDI molecules.
PTCDI arrange in needle-
shaped islands and only few
PTCDI molecules attach to
C60 islands. (a) and (b) C60

islands with small, attached
PTCDI nuclei.

Figure 10.6: NC-AFM im-
ages (frequency shift) of
PTCDI at C60 island edges.
PTCDI molecules arrange in
a canted phase.

C60 followed by PTCDI

Inspired by the observation of elongated, wire-like shape of pure PCTDI
islands, it is envisioned that initially deposited C60 islands get connected
through afterwards deposited PTCDI molecules. However, this is not the
case. From Fig. 10.5(a) it is apparent that most of the deposited PTCDI
arranges in needle-shaped islands, which are not attached to the initial C60

islands. Only few PTCDI clusters are observed at C60 islands, as evident
in Fig. 10.5(b) and (c). Thus, C60 islands do not act as strong nucleation
sites for freely diffusing PTCDI in contrast to PTCDI islands constituting
nucleation sites for freely diffusing C60 molecules. In Fig. 10.6 edges of
C60 islands are shown, which are decorated by PTCDI molecules. PTCDI
molecules grow in a canted arrangement from the border. On top of the
C60 islands, only few PTCDI molecules were observed. This suggests that
PTCDI can not easily dewet from the surface on top of the C60 layer.
This is in contrast to the sequential deposition of first C60 and second
SubPc, described in the previous section. In the SubPc-C60 case, the SubPc
molecules easily have dewetted from the surface on top the preexisting
C60 islands.

10.3 Simultaneous deposition

In the preceding paragraphs, the sequential deposition of C60 and PTCDI
molecules was studied in both orders. Now, the simultaneous deposition
is surveyed. Thereto, both molecules were deposited at the same time
of 2 min onto the bare surface. This yields the same coverage for C60
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10.4 Conclusion

Figure 10.7: (a) Overview
image (topography) of a
CaF2 (111) sample after si-
multaneous deposition of
PTCDI and C60 molecules.
(b) Islands exhibit a more
ragged surface and shape
than after sequential deposi-
tion.

and PTCDI at 0.1ML. An overview image is shown in Fig. 10.7(a). On the
flat terraces, islands are equally distributed with a density of approximately
4 µm−2. An island is presented in more detail in Fig. 10.7(b). Islands have
an elongated shape with attached branches. However, the outer edges
and the island surface are rougher than for pure PTCDI islands and for
C60-covered PTCDI islands. This suggests a different arrangement of the
PTCDI and C60 molecules, perhaps with an intermixed phase. However,
molecular resolution was not achieved on these islands, hampering further
clarification of the molecular arrangement after simultaneous deposition.

10.4 Conclusion

Deposition of PTCDImolecules on the CaF2 (111) yields elongated, needle-
shaped islands. Molecules arrange in a canted phase. Upon sequential de-
position of C60 molecules, PTCDI islands become completely covered by
C60. In contrast, for the opposite deposition order, PTCDI molecules do
not cover initial C60 islands. Most of the PTCDI molecules arrange in pure
islands, only few PTCDI molecules nucleate at the edges of C60 islands.
Thus, PTCDI molecules do not dewet as easily on top of C60 islands as C60

molecules dewet on top of PTCDI islands. In contrast to the SubPc/C60

bimolecular system, no intermixing of PTCDI and C60 takes place upon
a sequential deposition. Thus, the PTCDI arrangement is assumed to be
much more stable on the CaF2 (111) surface than the SubPc arrangement.
This can also be deduced from the fact that SubPc molecules cluster very
strongly on the surface, whereas PTCDI molecules arrange in well ordered,
relatively flat islands on the surface.
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11 Summary

In the present thesis, NC-AFM was employed to explore self-assembled
molecular arrangements on insulating substrate surfaces at various tem-
peratures. Substrate preparation, molecule deposition and measurements
took place under UHV conditions.
Within the first sections, C60 molecules were deposited on the

TiO2 (110) surface at room temperature. The C60 molecules were found
to adsorb in the troughs between the substrate’s bridging oxygen rows,
forming a rhombic unit cell. Molecules arrange in compact and regularly-
shaped islands. Although the TiO2 (110) surface is known to exhibit a high
density of defects, the C60 islands were of striking perfection. Protruding
molecular rows within the islands were identified as domain boundaries
between two adjacent C60 islands resulting from stacking faults. Upon in-
creasing the tip-sample interaction during scanning, C60 islands were modi-
fied. A domain boundary was shifted along its entire length, by a tip-induced
movement of the causative stacking fault. Besides, it was possible to re-
producibly induce holes into the perfectly ordered C60 islands.
In the following section, C60 molecules were investigated on the

CaF2 (111) surface. In a first step, the growth of C60 islands was explored
at low temperatures. At these temperatures, islands consist of hexagonally
shaped first layers with small second layer nuclei on top. Analyzing island
sizes and densities at various temperatures, the diffusion barrier was de-
termined from experiments. As expected, the quantified diffusion barrier
on this insualting substrate surface is much lower than for molecule-metal
systems. In a second step, the shape of C60 islands was investigated at
temperatures around room temperature. Deposition of C60 molecules at
substrate temperatures in the range between 297K and 319K results in
distinctly different island structures. At the lower temperature, branched
hexagonally shaped first-layer islands with a second layer outer rim arise.
At the higher temperature, compact triangular islands emerge. These is-
lands consist of at least two completed C60 layers. For temperatures be-
tween, both types of islands coexist. Based on temperature-dependent and
time-resolved measurements, a model at the molecular level was assumed
for the origin and evolution of the different observed island structures. It
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11 Summary

was found that a second-layer induced dewetting process plays the major
role in island formation. In conclusion, for this molecule-insulator system,
the island growth was found to be fundamentally different to molecule-
metal systems.
In the next section, C60 molecules were codeposited with SubPc mo-

lecules on the CaF2 (111) surface to further craft molecular arrangement.
Sequential deposition of first SubPc and second C60 yields an intermixed
phase. In contrast, for the opposite deposition order, no intermixing takes
place. Molecules arrange in two separated phases which lie on top of each
other with the C60 phase facing the substrate and dictating the outer shape.
The SubPc molecules form a relatively flat layer on top. This is in contrast
to the strong clustering of SubPc molecules on the substrate surface. Upon
heating, the SubPc molecules desorb from the C60 islands, whereas the
C60 islands stay in perfect order. Thus, for this bimolecular system, it was
demonstrated that the deposition order can strongly affect the molecular
arrangement.
In the last section, C60 molecules were codeposited with PTCDI mo-

lecules on the CaF2 (111) surface. A deposition of pure PTCDI results
in needle-shaped islands which are always more than two layers in height.
Molecules arrange in adjacent rows driven by intermolecular hydrogen-
bonding like in their bulk structure. Upon a sequential deposition of C60

molecules, the PTCDI islands act as nucleation sites for the C60 molecu-
les and get covered by C60 molecules. No pure, separated C60 islands
were observed in this case. At a sequential deposition of C60 followed by
PCTDI, small PTCDI clusters grow at the edges of the C60 islands. The
inner structure of the C60 islands is not affected by the PTCDI molecu-
les. Thus, also at this bimolecular system, the deposition order affects the
molecular arrangement.
In conclusion, molecule nanostructures were tailored by very differ-

ent approaches. Structures were influenced by the surface morphology,
the deposition temperature and the codeposition with second molecule
species. Beyond, structures were further crafted after deposition by tip-
induced manipulation and thermal activation (heating). Due to the very
different approaches much is learnt about the impacts, which influence the
island formation of molecules on insulating surfaces. This new and detailed
insight into island formation may be exploited to produce advanced molec-
ular nanostructures on insulating surfaces.
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Appendices

App. A

The derivation of the density of stable clusters is given by

dN
dt

=
∞∑

s=i∗+1

dns
dt

(A.1)

Using Eqn. 4.15 gives

dN
dt

=
∞∑

s=i∗+1

Γs−1 − Γs

= Γi∗ − Γi∗+1 + Γi∗+1 − Γi∗+2 + Γi∗+2 − ...︸ ︷︷ ︸
0

= Γi∗ (A.2)

Using the identity for the netrate Γi∗ from Eqn. 4.13 gives

dN
dt

= σsDn1ni∗ − γi∗+1ni∗+1 (A.3)

Finally, γs = 0 for s > i∗, i.e. γi∗+1 = 0, yields

dN
dt

= σsDn1ni∗ (A.4)
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Appendices

App. B

Starting with

dn1
dt

= F − 2Γ1 −
∞∑

s=2

Γs (B.1)

The thermal equilibrium among unstable cluster implies Γs = 0 for 1 ≤ s ≤
i∗ − 1 (see main text). Thus, the formula reads

dn1
dt

= F −
∞∑

s=i∗
Γs (B.2)

Using the identity Eqn. 4.13 and the assumption that stable clusters do not
decay (γs = 0 for s ≥ i∗ + 1, see main text)

dn1
dt

= F −
∞∑

s=i∗
σsDn1ns − γs+1ns+1

= F −
∞∑

s=i∗
σsDn1ns

= F − σsDn1ni∗ −
∞∑

s=i∗+1

σsDn1ns (B.3)

Introducing the average capture number σ̄ from Eqn. 4.18 yields

dn1
dt

= F − σsDn1ni∗ − σ̄Dn1N (B.4)
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App. C

App. C

For the solution of the differential equation

dN
dt

=
σi∗

σ̄ i∗+1Ωi∗−1
(

F
D

)i∗

FeβEi∗N−(i∗+1) (C.1)

the following ansatz for the density of stable clusters N(t) is choosen

N(t) = [c1t (1 − c2)]
1

1−c2 (C.2)

Differentiating Eqn. C.2 with respect to time t yields

dN
dt

=
1

1 − c2
[c1t (1 − c2)]

1
1−c2

−1 c1(1 − c2)

= c1
{

[c1t (1 − c2)]
1

1−c2

}c2

= c1N(t)c2 (C.3)

Comparing Eqn. C.3 with Eqn. C.1 indicates straightforward

c1 =
σi∗

σ̄ i∗+1Ωi∗−1
(

F
D

)i∗

FeβEi∗ (C.4)

c2 = −(i∗ + 1) (C.5)

By this means, the density of stable clusters N(t) presents oneself as

N(t) =
[

(i∗ + 2)
(

σi∗

σ̄ i∗+1Ωi∗−1
(

F
D

)i∗

FeβEi∗

)
t

] 1
i∗+2

(C.6)

Finally, the time t is substituted in Eqn. C.6 with the simple relation θ = ΩFt.
Thus, the number of stable clusters per adsorption site N̂ reads

N̂ ≡ ΩN =
[
(i∗ + 2) σi∗

σ̄ i∗+1θ
] 1

i∗+2
(

Ω2F
D

) i∗
i∗+2

e
βEi∗
i∗+2 (C.7)
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